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ABSTRACT
Galaxy clusters, the largest gravitationally-bound structures in the universe, are com-
posed of 50-1000s of galaxies, hot X-ray emitting gas, and dark matter. They grow
in size over time through cluster and group mergers. The merger history of a cluster
can be imprinted on the hot gas, known as the intracluster medium (ICM). Merger
signatures include shocks, cold fronts, and sloshing of the ICM, which can form spiral
structures. Some clusters host double-lobed radio sources driven by active galactic
nuclei (AGN). First, I will present a study of the galaxy cluster Abell 2029, which
is very relaxed on large scales and has one of the largest continuous sloshing spirals
yet observed in the X-ray, extending outward approximately 400 kpc. The sloshing
gas interacts with the southern lobe of the radio galaxy, causing it to bend. Energy
injection from the AGN is insufficient to offset cooling. The sloshing spiral may be
an important additional mechanism in preventing large amounts of gas from cooling
to very low temperatures. Next, I will present a study of Abell 98, a triple system
currently undergoing a merger. I will discuss the merger history, and show that it is
causing a shock. The central subcluster hosts a double-lobed AGN, which is evacuat-
viii
ing a cavity in the ICM. Understanding the physical processes that affect the ICM is
important for determining the mass of clusters, which in turn affects our calculations
of cosmological parameters. To further constrain these parameters, as well as models
of galaxy evolution, it is important to use a large sample of galaxy clusters over a
range of masses and redshifts. Bent, double-lobed radio sources can potentially act
as tracers of galaxy clusters over wide ranges of these parameters. I examine how
efficient bent radio sources are at tracing high-redshift (z > 0.7) clusters. Out of 646
sources in our high-redshift Clusters Occupied by Bent Radio Active Galactic Nuclei
(AGN) (COBRA) sample, 282 are candidate new, distant clusters of galaxies based
on measurements of excess galaxy counts surrounding the radio sources in Spitzer
infrared images.
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1Chapter 1
Introduction
This dissertation will examine the relationship between double-lobed radio ac-
tive galactic nuclei (AGN) and the intracluster medium (ICM) of two specific clusters
of galaxies at low redshift, and then explore how efficient such sources are at find-
ing galaxy clusters at high-redshift. With detailed observations of two low-redshift
clusters, we can explore in detail how the AGN affects the ICM and vice versa. Bent
double-lobed sources are found in a wide variety of cluster environments from those
just starting to merge to those that are very relaxed, and the two specific clusters
discussed here cover the range of extremes. Abell 2029 (A2029) is a highly relaxed
cluster, while Abell 98 (A98) is currently undergoing a merger. In addition to a wide
range of dynamical environments, these sources are also found in a wide range of clus-
ter and group masses. With the Clusters Occupied by Bent Radio Active Galactic
Nuclei (AGN) (COBRA) survey we can exploit the association between bent, double-
lobed radio AGN and galaxy clusters to create a targeted method for detecting new,
high-redshift clusters. With hundreds of new clusters with a wide range of environ-
ments and masses we can begin to explore the evolution of individual cluster galaxies
as a function of redshift.
1.1 Galaxy Clusters
Galaxy clusters are the largest organized, gravitationally-bound structures in
the Universe. The standard cold dark matter (CDM) model of structure formation
2predicts that clusters form in, and merge along, large-scale structure filaments, with
massive clusters located at the intersection of filaments. They are composed of galax-
ies (on the order of 50-1000s); hot, X-ray emitting gas (known as the ICM); and dark
matter. Luminous matter makes up approximately 3% of the cluster’s mass, X-ray
gas approximately 14%, and the rest is in dark matter (Lin et al. 2003; Lin & Mohr
2004; Sarazin 2008).
Galaxy clusters can be subdivided into regular and irregular clusters. Regular
clusters have a very even distribution of matter. They are made up almost entirely of
elliptical and S0 galaxies with high central concentration and approximately spherical
symmetry in the overall galaxy distribution. In a regular cluster, the X-ray emission,
I(b), is best described by the beta-model:
I(b) = I0
[
1 +
(
b
rc
)2] 12−3β
, (1.1)
where b is the projected radius, rc is the core radius (defined such that the projected
galaxy density at a distance rc from the cluster center is half the central density),
and β is defined as
β =
σ2r
kT/µmp
. (1.2)
Here, σr is the line-of-sight velocity dispersion, T is the temperature of the gas, µ is
the mean molecular mass in atomic mass units, andmp is the mass of the proton. The
parameter β represents the ratio of the specific kinetic energy of galaxies to the specific
kinetic energy of gas. This is a hydrostatic model based on the assumption that the
gas and galaxies are in equilibrium within a shared gravitational potential well, as
well as the assumption that the galaxy distribution can be described by the King
approximation to an isothermal sphere (Cavaliere & Fusco-Femiano 1976). Irregular
clusters, on the other hand, do not have an even distribution of matter and show no
standard profile of X-ray emission. There is little to no symmetry, and they contain
3myriad galaxy types. Regardless of morphology, clusters tend to be dominated by
a central cD galaxy or by a pair of bright galaxies (although this is less common in
irregular clusters). Central cD galaxies are characterized by having a very bright core
region surrounded by a diffuse, extended envelope. Often, the cD galaxy hosts an
AGN. There is little spread in the absolute magnitude of a cD galaxy (Sandage 1972;
Postman & Lauer 1995).
The filaments that clusters merge along trace the large-scale structure of the
Universe, and are thought to contain most of the “missing baryons” in the local
Universe. These “missing baryons” are baryons that are known to exist at high-
redshift (measured from primordial nucleosynthesis and the study of Lyα lines near
redshift z = 3), but are not seen at low-redshift. At low redshifts, only about 10% of
the expected baryons are found in galaxy clusters and groups. The prevailing model
argues that these missing baryons may be located in a low-density gas known as
the warm-hot ingergalactic medium (WHIM). The WHIM has temperatures in the
kT ≈ 0.01− 1 keV range. For a review, see Bregman (2007).
Because of their low densities and low surface brightnesses, these filaments are
difficult to observe directly. There are few reports of direct detection; these have
been of the denser, hotter part of the WHIM at or just beyond the virial radius of
clusters (Tittley & Henriksen 2001; Werner et al. 2008). Attempts have been made
to observe filaments in X-ray absorption (e.g. Nicastro et al. 2005), but these re-
sults are controversial (Kaastra et al. 2006; Rasmussen et al. 2007). A more targeted
method for detecting the WHIM in X-ray absorption (using AGN as the background
source) makes use of foreground structures with a known redshift that are likely to
be associated with the WHIM. This has led to stronger detections (Buote et al. 2009;
Fang et al. 2010).
4As clusters merge along these large-scale filaments, they leave their imprint on
the ICM. Recent X-ray observations have shown substructure in the ICM in the form
of shocks, cold fronts, and gas sloshing spirals, which we will discuss in §1.3. These all
appear as surface brightness discontinuities in the X-ray images. This substructure
is the result of cluster-cluster (or group) interactions (Markevitch & Vikhlinin 2007,
and references therein).
The ICM has temperatures between 107− 108 K (≈ 1− 10 keV) and consists of
fully ionized hydrogen and helium, as well as ionized heavier elements. The primary
emission mechanism is thermal bremsstrahlung (or free-free emission, as the radiation
is associated with transitions between unbound states of the electron). The emission
per unit frequency is (Rybicki & Lightman 1979):
ǫffν ∝ neniT
−1/2e−hν/kT , (1.3)
where ne is the number density of electrons, ni is the number density of positively
charged ions, T is the temperature of the gas, and ν is the frequency at which the
emission is being observed. Integrating Equation 1.3 over frequency, and assuming
that the gas is completely ionized and composed entirely of hydrogen such that ne =
ni = n, then the frequency-integrated flux is
ǫff ∝ n2T 1/2. (1.4)
Although the primary emission mechanism is thermal bremsstrahlung, line emission
(primarily from the 7 keV iron line) also contributes. The ICM is optically thin
for the densities encountered in all clusters, and thus an X-ray image of a cluster is
approximately a map of the projected number density, squared.
Forman & Jones (1982) classified the X-ray distribution of gas as either regular
or irregular. Irregular X-ray clusters have an irregular X-ray surface brightness with
5small peaks that are associated with individual galaxies in the cluster. Regular X-ray
clusters have an X-ray surface brightness peak (density peak) at the center of the
cluster, which drops off smoothly with radial distance from the cluster core. The
high-density gas at the center has a radiative cooling time shorter than the age of the
cluster, which can cause a “cooling flow” scenario. In a “cooling flow” scenario, the
central region of a galaxy cluster begins to lose energy via radiation. The cooling gas
contracts to maintain its pressure, which in turn causes the gas to cool even faster.
In order to maintain hydrostatic equilibrium, gas continues to flow in (for a review,
see Fabian 1994).
Clusters can be used to investigate many properties of our Universe, including
the large-scale structure and dark matter distribution, galaxy formation and evolution
(especially in dense environments), and cosmological parameters. To explore these
properties it is useful to have a sample of clusters covering a large range of redshifts.
Currently there are thousands of clusters with spectroscopically identified redshifts
z < 0.25; however the number of confirmed clusters with redshifts z > 1.0 drops
precipitously.
Many of these properties depend on accurately determining cluster mass, which
is calculated from an easily observable quantity such as X-ray luminosity or temper-
ature of the cluster. The mass of the cluster is then calculated assuming self-similar
scaling relations. These relationships are determined assuming that the cosmological
structures originate from scale-free density perturbations and that the thermodynam-
ics of the ICM are determined by scale-free gravity only. This means that clusters of
different masses can be considered scaled versions of one another. These scaling re-
lationships are derived assuming that the clusters are in hydrostatic equilibrium, but
mergers and feedback from AGN can cause deviations from the ideal. Cluster mass
6can also be determined from the velocity dispersion of member galaxies, assuming
that the cluster is virialized.
1.2 Cluster Detection Methods
1.2.1 Optical
The optical light from galaxy clusters comes mainly from the starlight of the
individual galaxies. Optical catalogs specify both the required number density for
enhancement as well as the linear or angular scale of the enhancement. They also
specify a magnitude range. The earliest catalogs of galaxy clusters were compiled by
Abell (1958) and Zwicky et al. (1961-1968). These early catalogs were compiled by
counting up the number of galaxies within a specified radius. If the overdensity was
higher than some threshold (for Abell (1958) the threshold was 30 galaxies for an
Abell class 0, with richness ranging from 0 to 5, and for Zwicky et al. (1961-1968), it
was 50 galaxies) in a magnitude range, the object was considered to be a cluster.
Because the galaxies are projected on the plane of the sky, galaxies can be
counted as part of a cluster when they are actually not physically associated. These
projection effects can cause overcounting. Additionally, since galaxies are fainter at
larger distances, identifying clusters optically becomes more difficult at high redshifts.
A new optical detection method that exploits the red sequence in galaxy clus-
ters has been developed by Gladders & Yee (2000), which they call the cluster-red-
sequence (CRS). The majority of early-type galaxies in rich clusters lie along a linear
color-magnitude relation, which is known as the red sequence. The stellar populations
that make up these early-type galaxies are formed at high redshifts (z > 2), and as
the clusters build up these early-type galaxies do not form new stars. These galaxies
represent the oldest stellar population in a cluster, and as such are the reddest objects
in a cluster, and with a properly selected color filter they are the reddest galaxies at
7a given redshift and all lower redshifts. By creating a data cube that encompasses
position and redshift, clusters can be discovered. This method is also less affected by
the projection effects that traditional optical cluster detection methods suffer from.
1.2.2 Infrared
One way to overcome the limitations of optical wavelengths is to perform a sim-
ilar analysis in the infrared (IR), since at higher redshift the majority of light from
the galaxies is shifted towards the IR. The IR background for space-based obser-
vatories is significantly lower than the ground-based background (Eisenhardt et al.
2004), which means that even with an aperture on the smaller side long exposure
times are not necessary. This makes it much easier to survey large patches of sky.
Additionally, large field-of-view IR detectors, such as the Widefield Infrared Survey
Explorer (WISE ) (Wright et al. 2010), have been developed to survey the entire sky.
Such analysis has been performed by Brodwin et al. (2006) and Stanford et al. (2005)
using Spitzer, and with WISE data combined with Sloan Digital Sky Survey (SDSS)
data by Stanford et al. (2014).
1.2.3 X-Ray
Galaxy clusters are the most common bright, extended, extragalactic sources,
and are extremely luminous in the X-ray regime. X-ray surveys look for emission from
the ICM, which, as discussed in §1.1, emits via thermal bremsstrahlung. Clusters are
detected by searching the sky for extended X-ray emission. Since the X-ray emitting
gas is contained by the gravitational potential of the cluster, X-ray surveys are less
affected by projection effects.
X-ray observations can be used to determine properties of clusters that cannot
be determined via optical observations. Assuming that a cluster is in hydrostatic
equilibrium, the measured X-ray temperature and density profile can be used to cal-
8culate the mass of the cluster. X-ray observations can be employed to put constraints
on cosmological parameters. Evolution of the number density of massive galaxy clus-
ters (cluster mass function) traces the growth of linear density perturbations. The
growth of structure is sensitive to the properties of dark energy. This has been done
at low redshifts where the X-ray samples are complete (Vikhlinin et al. 2009). Mea-
suring the fraction of gas in a cluster can also put constraints on dark energy without
requiring a complete sample (Allen et al. 2008; Mantz et al. 2010). It can also con-
strain the baryon fraction of the cluster, which traces the baryon fraction of the
Universe (Dai et al. 2010; Humphrey et al. 2012).
Although X-ray surveys provide much information about clusters, X-ray obser-
vations require long exposure times, especially at high redshift, and thus flux-limited
surveys are biased towards the most luminous (massive) clusters. While X-ray sam-
ples are complete at low redshifts (Reiprich & Bo¨hringer 2002), we cannot say the
same for high redshifts, and thus need to use different methods. Future X-ray missions
such as the extended Ro¨entgen Survey with an Imaging Telescope Array (eROSITA)
should be able to detect thousands of high-redshift clusters with z > 1.0, although
the mass of these clusters is limited to larger than approximately 5×1014 M⊙ at that
redshift (Merloni et al. 2012).
1.2.4 Sunyaev-Zel’dovich Effect
The Sunyaev-Zel’Dovich (SZ) effect is the distortion of the cosmic microwave
background (CMB) spectrum as the CMB photons are inverse Compton scattered off
the ICM as they pass through it (Sunyaev & Zeldovich 1970). This distortion is a
function of frequency: at low frequencies a decrement in the signal is induced and
at high frequencies an excess is induced. This occurs because at low energies more
photons are scattered out of a frequency interval than into it, and at frequencies higher
than the peak frequency more photons are scattered into that frequency interval than
9out of that frequency interval. It is possible to find clusters out to redshift z ∼ 2
by searching for such distortions (Vanderlinde et al. 2010; Menanteau et al. 2010;
Marriage et al. 2011), as the SZ effect is independent of cluster redshift; however, like
X-ray detection methods, it is biased towards more massive clusters, as the signal
strength is proportional to cluster mass. Additionally, bright radio point sources
such as AGN can weaken the SZ signature (Lin & Mohr 2007). Martini et al. (2009)
showed that the AGN fraction of clusters increases with redshift, which would make
this effect more common at higher redshift.
1.2.5 Radio
Radio sources, particularly bent, double-lobed sources, are frequently associated
with clusters: approximately 60−80% of these AGN are in clusters with redshifts up
to z ≈ 0.5 (Wing & Blanton 2011). The radio lobes of these AGN are most likely bent
because of the relative motion between the host galaxy and the ICM. There are a few
possible reasons for this relative motion. First, it is possible that the lobes are bent
due to the ram pressure exerted by the ICM as the galaxy moves through it with a
large peculiar velocity. A second explanation is that the ICM is disrupted by a recent
large-scale cluster-cluster merger (Burns 1990). In this scenario, a galaxy with a low
peculiar velocity encounters the large-scale bulk flow of the ICM and the ram pressure
is enough to create the bent lobes. Bent, double-lobed radio sources can be found in
clusters that are relatively relaxed on large scales, such as A2029 (Clarke et al. 2004a;
Paterno-Mahler et al. 2013), or in clusters that are actively merging (Douglass et al.
2011). An example of a double-lobed radio source in a relaxed cluster will be discussed
in §3, and an example of one such source in a merging cluster will be discussed in §4.
In relaxed clusters, the sloshing of the ICM (which is related to the merger history of
the cluster, Ascasibar & Markevitch 2006) may cause the bending of the radio lobes.
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Because of their frequent association with clusters and groups, bent, double-
lobed radio sources can be used as tracers for high-redshift clusters. This will provide
a targeted way to search for clusters, which can then be followed up with optical, IR,
and X-ray observations. Unlike many other cluster-finding methods, which tend to
be biased toward high-mass clusters, bent, double-lobed radio sources can be found
in associations over a wide mass range, from lower-mass groups to the most massive
clusters. They are also found in a wide variety of dynamical environments, from
clusters that are actively undergoing mergers to clusters that are highly relaxed on
large scales. These radio sources will select clusters with a wide range of masses and
dynamical states.
Targeted searches have also been performed using powerful radio sources with-
out regard to their morphologies (Galametz et al. 2012; Wylezalek et al. 2013, 2014).
These studies also employ an IR color-cut ([3.6 µm] - [4.5 µm]> −0.1) to help identify
high-redshift galaxies around the radio source. Wylezalek et al. (2013) were able to
use their newly-discovered clusters to briefly examine the redshift evolution of the
member galaxies and found that the density of sources has a significant dependence
on redshift, with higher-redshift fields becoming less dense. This is consistent with
models of galaxy cluster evolution. Using radio sources provides a promising method
for adding to our database of high-redshift clusters, which is currently sparse.
1.3 Merger Signatures in the ICM
1.3.1 Shocks
Shock waves are discontinuous slowdowns of gas flow at which the gas is com-
pressed. The temperature, density, and pressure all change across a shock front. The
gas goes from being supersonic upstream of the shock to subsonic downstream of the
shock, and because the motion of the material is faster than the speed of communi-
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cation, the temperature, density, and pressure values change suddenly over a small
distance (called the shock front). Across the shock front, mass flux, momentum flux,
and energy flux must be conserved.
Following Landau & Lifshitz (1959), this means
ρ0u0 = ρ1u1, (1.5)
P0 + ρ0u
2
0 = P1 + ρ1u
2
1, (1.6)
and
1
2
u20 + w0 =
1
2
u21 + w1. (1.7)
Here, ρ is the density of the gas, u is the speed of the gas flow, P is the pressure, and
w is the internal energy. The shock front is moving from region 0 (upstream) into
region 1 (downstream). For an ideal gas,
w =
γ
γ − 1
pV, (1.8)
where γ is the adiabatic index of the gas. Substituting Equation 1.8 into Equation 1.7
and applying the ideal gas law, we can express the density jump in terms of a more
easily measured quantity, such as the density jump. Doing so gives
T1
T0
=
γ+1
γ−1
− ρ0
ρ1
γ+1
γ−1
− ρ1
ρ0
. (1.9)
We can also calculate the Mach number from the density ratio. The Mach
number is also the ratio of the shock speed to the speed of sound. As a function of
the density jump, the Mach number can be expressed:
M =
[
2ρ1
ρ0
γ + 1− ρ1
ρ0
(γ − 1)
]1/2
. (1.10)
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The Mach number is closely related to the strength of the shock, with higher numbers
indicating stronger shocks.
Shocks in clusters are consequences of large-scale cluster mergers, or some-
times of outbursts from the central active galactic nucleus (AGN). Typical
cluster merger shocks have Mach numbers M . 3, which are relatively
weak (Markevitch & Vikhlinin 2007).
1.3.2 Cold Fronts
Cold fronts appear as surface brightness discontinuities seen in the X-ray
across which the density and temperature sharply change while the pressure does
not (Markevitch & Vikhlinin 2007). In addition to a smooth pressure profile across
the boundary, cold fronts differ from shocks in that the denser gas is cooler. Cold
fronts are caused by either mergers or sloshing, which displace the cool (∼ 107 K),
dense cluster gas from the center of the cluster’s potential well. There are two distinct
populations of gas: a mass of colder gas moving through a less dense, hotter gas. In
merging cold fronts, the displacement is caused by the ram pressure of the cluster
core moving through the ICM of the other cluster (Markevitch & Vikhlinin 2007).
For cold fronts to form, it is necessary to have a steep entropy profile (where
entropy is defined as K ≡ kT
n
2/3
e
, which is related to the thermodynamic entropy via a
logarithm and an additive constant), especially when the cold front does not develop
from a major merger (Ascasibar & Markevitch 2006). Clusters with cooling flows
exhibit such an entropy gradient, as the high density and cool temperatures of the
gas at the center of the cluster cause the gas to have lower entropy than the less
dense gas at the outskirts of the cluster. The entropy of a galaxy cluster determines
the structure of the ICM and records the thermodynamic history of the gas. Entropy
determines the structure because the low-entropy gas sinks towards the deepest part
of the potential well, while the high-entropy gas stays in the cluster outskirts (Voit
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2005). This low entropy gas continuously flows from the edge of the cold front back
to the center of the cluster, and is replaced at the front by higher entropy gas that
can be traced back to larger radial distances.
1.3.3 Sloshing Spirals
Whereas a cold front can be caused by either a merger or sloshing, as the name
implies, sloshing spirals are a direct consequence of sloshing. Sloshing occurs when
an infalling subcluster displaces the dark matter and gas from the main cluster. The
gas and dark matter of the main cluster feel a gravitational pull from the subcluster,
and initially move together toward the subcluster. During core passage, the direction
of the motion of the gas and dark matter changes quickly, which leads to a rapid
change of the ram-pressure force exerted on the cool gas. As a result, the cool,
dense gas falls back toward the minimum of the gravitational potential well and
starts to oscillate around the dark matter peak. This was simulated in detail in
Ascasibar & Markevitch (2006). Spirals are formed when an infalling subcluster has
a non-zero impact parameter. As central gas gets displaced for the first time, it
acquires angular momentum and does not fall back inward solely along the radial
direction. As a result, the different cold fronts are not concentric, and combine
to form a large-scale spiral pattern as time passes. These features can persist for
billions of years (Ascasibar & Markevitch 2006), and are thus not necessarily related
to recent mergers. The substructure can provide clues to the merger history of the
cluster, providing insight into cluster formation. Minor merger events such as the
ones that cause cold fronts are estimated to occur at a rate of ∼ 1/3 event per halo
per Gyr (Ghizzardi et al. 2010).
Spiral features have been observed in clusters such as Perseus (Fabian et al.
2003a, 2006), Virgo (Simionescu et al. 2010), Abell 496 (Roediger et al. 2012b), Abell
2052 (Blanton et al. 2011), A2029 (Clarke et al. 2004a; Paterno-Mahler et al. 2013),
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as well as many others (Lagana´ et al. 2010). The radial extents of these spirals range
from less than 50 kpc for the Centaurus cluster to approximately 400 kpc for A2029.
The spiral in A496 extends out to approximately 150 kpc (Roediger et al. 2012b),
while the Virgo cluster shows a cold front feature out to 90 kpc (Simionescu et al.
2010). The spiral in the Perseus cluster extends to about 150 kpc (Fabian et al.
2003a). Simionescu et al. (2012) found evidence that the spiral in Perseus may extend
to 700 kpc in the east and over a Mpc in the west; however those cold fronts do not
connect to form a continuous spiral despite the very deep available observations.
Much information about a cluster can be gleaned by studying sloshing spirals.
The orientation of the subcluster orbit can be constrained by knowing the orienta-
tion of the full extent of the spiral and the orientation of the brightness asymmetries
induced by the sloshing (Roediger et al. 2012b). On large scales, extended spirals
provide a mechanism for transporting metals from the center of the cluster to the
outskirts. This has been seen observationally in Virgo (Simionescu et al. 2010) and
A2052 (Blanton et al. 2011), and in simulations such as Roediger et al. (2011), al-
though other simulations do not show signs of global broadening in the abundance
distribution of heavy elements and instead suggest that the observed metal distribu-
tion is an oscillation about the original metallicity profile (Roediger et al. 2012b).
Sloshing features could also provide part of the solution for the “cooling flow”
problem, discussed in §1.1. With such large amounts of gas being deposited in
the center of the cluster, one would expect to see significant star formation, ab-
sent a significant heating mechanism. X-ray observations of such clusters show
that while there is some gas cooling to low temperatures and star formation is
seen, the majority of the gas only drops to approximately 1/2 to 1/3 of the am-
bient temperature (Peterson et al. 2003), rather than cooling all the way to very
low temperatures, and thus a heating mechanism is necessary. Clusters with strong
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cooling flows (tcool < 1 Gyr) are likely regulated by a feedback loop involving
AGN (McNamara & Nulsen 2007). This will be discussed further in §1.4.2. In some
clusters, however, AGN feedback does not provide enough heating to counteract the
cooling flow. In such cases, secondary processes (such as sloshing) can also help coun-
teract radiative losses when not enough energy is provided by the AGN (Mittal et al.
2009). Simulations show that sloshing can provide a non-negligible amount of heat
to the cluster core, making it a viable additional heating mechanism (ZuHone et al.
2010). The simulations done by Keshet (2012) show that properties of cool core
clusters, such as the spread in azimuthal temperature and density profiles, can be
explained by the presence of a sloshing spiral, and that all such clusters may contain
one.
1.4 Active Galactic Nuclei
AGN are galaxy nuclei that exhibit anomalous energy output when compared to
the expected energy output of a regular galaxy. They are powered by supermassive
black holes (SMBHs) located at the center of galaxies, which accrete matter. A highly
efficient method is necessary to convert the potential and kinetic energy of the infalling
material into radiation. Disk accretion is the favored model. The accretion disk is
thought to continue down to the innermost stable circular orbit around the black hole,
and it emits thermally across the electromagnetic spectrum. A subset of AGN produce
large amounts of radio emission. Some of these radio-loud AGN produce bright radio
jets, which, as discussed above in §1.2.5, can be used as tracers for galaxy clusters.
This radio emission is produced via synchrotron radiation. Synchrotron emission
occurs when a charged particle is accelerated in a magnetic field. The jets are highly
collimated plasma outflows which are being launched from the accretion disk. It
is not known exactly how the jets are launched; however the Blandford & Znajek
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(1977) mechanism is the most common theory. The Blandford-Znajek mechanism
requires a spinning black hole. The rotating material in the accretion disk is ionized,
which creates a magnetic field. The magnetic field in the ergosphere gets dragged by
the spinning black hole, propagating outward in the polar direction. The relativistic
material can get launched, causing an outflow. The outflow is collimated along the
rotation axis, creating a jet. The morphology of the radio features is varied. They can
have a single component, they can be extended and straight, or they can be extended
and bent.
1.4.1 Tailed Radio Sources
Bent-lobed radio sources may have a narrow angle tail (NAT) morphology or a
wide angle tail (WAT) morphology. NAT sources are found in the cluster outskirts
and their shapes are attributed to their swift motion through the ICM (Miley et al.
1972). The ram pressure created by this motion causes the jet to bend, creating their
characteristic shape. The bending of the tail marks the path of the galaxy through
the ICM. WAT sources are high-powered Fanaroff & Riley (FR) I type sources (see
below) and are named for their characteristic C shape. It was originally thought that
WAT sources were created analogously to NAT sources—via ICM ram pressure as
the radio host galaxy moves with a large velocity through the ICM (Owen & Rudnick
1976)—however later simulations found that the low peculiar velocities of the galaxies
combined with the assumed densities and velocities of the particles within the tails
themselves were not enough to produce the WAT morphology (O’Donoghue et al.
1993). If the velocity of the gas down the jet is significantly higher than previously
assumed and the density of the particles is lower than previously assumed, then
the slow relative motion of the WAT radio source through the ICM could cause the
bending (Hardcastle et al. 2005).
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If relative motion between the WAT radio source and the ICM is no longer
a viable mechanism to produce the shape of the WAT, then cluster mergers could
provide the ram pressure necessary to cause the observed morphology. Simulations
have shown that this is indeed a possibility (Roettiger et al. 1996). More recent
simulations have shown that the WAT morphology can be created by gas sloshing,
where the gas velocities are not very high (Mendygral et al. 2012).
Double-lobed radio sources can also be subdivided into two morphological classes
as developed by Fanaroff & Riley (1974). FR I sources are brighter at their cores and
have edge-darkened lobes, while FR II sources have faint or absent cores and edge-
brightened lobes. The weaker FR I sources have P1440 MHz . 5×10
25 W Hz−1 and the
stronger FR II sources have P1440 MHz & 5×10
25 W Hz−1. Owen & White (1991) and
Ledlow & Owen (1996) showed that the division between FR I and FR II sources is
not only related to the radio power, but also the optical luminosity of the host galaxy.
Zirbel (1997) found that FR I sources are more often found in richer galaxy clusters
than FR II sources, although at high redshifts the frequency at which FR II sources
are associated with rich groups increases. The high-redshift FR I and FR II galaxies
belong to a different subset of galaxy groups than their low-redshift counterparts.
Zirbel (1997) also found that FR I sources are found near cluster centers, suggesting
an association with central cD galaxies.
1.4.2 AGN Feedback in Galaxy Clusters
Many galaxy clusters exhibit properties of a cool core (or “cooling flow”). Ap-
proximately 75% of cool core clusters host central radio sources, and 100% of clus-
ters with strong cooling flows (cooling time less than one Gyr) have a central ra-
dio source (Mittal et al. 2009). AGN feedback provides a method for resolving
the “cooling flow” problem. Feedback from the AGN occurs when the jets of the
AGN plow into the ICM. The jets evacuate cavities in the ICM, creating bubbles,
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which have been seen in X-ray images of a large number of groups and clusters (e.g.
A2052, Blanton et al. 2011; Perseus, Fabian et al. 2003b; Hydra A, McNamara et al.
2000; and many others, Bˆırzan et al. 2008). In doing this, energy is transferred into
the cooling gas, raising its temperature. As the gas heats up, the accretion rate onto
the central SMBH drops, and the AGN jet power decreases. As a result, the ICM
heating rate drops, allowing the gas to cool and once again accrete onto the SMBH,
and the cycle starts anew. For a detailed review, see McNamara & Nulsen (2007).
The kinetic energy being injected into the ICM by the AGN can be estimated
from the cavity volume and the pressure of the ICM (assuming that the AGN lobes
are in pressure equilibrium with the ICM). This calculation is performed in Chapter 3.
In over 50% of the systems analyzed by Rafferty et al. (2006), the energy input rate
from the AGN was sufficient to offset the radiative cooling. For those systems where
AGN input rate is not enough, it is unknown what provides the rest of the energy.
As discussed in §1.3.3, and as will be discussed in §3.5, sloshing may provide some
heating.
1.5 Organizational Structure
The goal of this dissertation is to explore the environment of double-lobed radio
sources. How does the AGN affect the ICM, and vice versa? Can the energy input
from an AGN offset the cooling? If not, what other mechanisms can? How often are
double-lobes sources found in high-redshift clusters?
In Chapters 3 and 4 we explore, in detail, the cluster environment of two low-
redshift radio galaxies. In Chapter 3, we examine the environment of the radio source
in A2029, which is a very relaxed cluster. In Chapter 4, we explore the environment
of a radio source in a merging cluster, A98. In Chapter 5, we use a large sample
of bent, double-lobed radio sources as tracers for high-redshift clusters, and present
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the results about how efficiently such sources can be used to find clusters. We will
then discuss the redshift distribution of those cluster candidates for which we have
redshifts in Chapter 6. In Chapter 7, we present the results of our search for matches
in the X-ray archives. In Chapter 8, we will summarize the results of the dissertation
and present plans for future work.
Throughout this dissertation, we assume a cosmology with H0 =
70 km s−1 Mpc−1, ΩΛ = 0.7, and ΩM = 0.3. All cosmological distances were cal-
culated using the online Cosmology Calculator (Wright 2006).
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Chapter 2
Observations and Data Reduction
2.1 X-Ray
2.1.1 Abell 2029
We used two pointings from the Chandra X-ray Observatory with exposure times
totaling 97.7 kiloseconds (ks): 19.8 ks from 2000 April 12 (Observation Identification
(OBSID) 891) and 77.9 ks from 2004 January 8 (OBSID 4977). This information is
summarized in Table 2.1. Both observations were taken in FAINT mode using the Ad-
vanced charge-coupled device (CCD) Imaging Spectrometer (ACIS)-S configuration.
The cluster center is located on the S3 chip.
The data were reprocessed using Chandra Interactive Analysis of Observations
(CIAO) version 4.4 and Calibration Database (CALDB) version 4.4.7. After the
data were reprocessed using chandra repro to create new events files, they were
then filtered for flares, and background data sets were created using the blank sky
background fields reprojected to match the observations. The S1 CCD chip was used
for background flare filtering, as the emission from the cluster takes up the majority
of the S3 chip. To remove the flares, the lc clean() routine (as detailed in M.
Markevitch’s Chandra Cookbook 1) was used. Filtering was done in the 2.5-6 keV
range, with a bin size of 1037.12 s. The bin size was chosen to reduce the Poisson
scatter. There were no large flares in either data set. After filtering for flares, no time
1http://cxc.harvard.edu/contrib/maxim/acisbg/COOKBOOK
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was removed from the 19.8 ks exposure, while the longer exposure was filtered from
77.9 ks to 76.9 ks.
For each of the datasets, a reprojected background events file was created, and
a background image was created in the 0.3–10 keV range. The background images
were scaled by object exposure time as well as by the ratio of count rates of the S3
chip in the 10–12 keV range after point sources were removed. The exposure maps
for each observation were normalized before being merged.
2.1.2 Abell 98
Chandra
We used three Chandra pointings: two from 2009 September 17 (OBSID 11876
and OBSID 11877, with exposure times totaling 19.2 ks and 17.9 ks, respectively),
and one from 2011 September 08 (OBSID 12185, with an exposure time totaling
18.7 ks). Reported exposure times have been filtered for flares. Observation informa-
tion is summarized in Table 2.1. Approximately 3.3 ks of time was filtered from the
observations. All three observations were taken in very faint (VFAINT) mode using
the ACIS-I configuration. The first two observations cover the subclusters Abell 98N
(A98N) and Abell 98S (A98S), while the third covers the subclusters A98S and Abell
98SS (A98SS).
The data were reprocessed from the Level 1 events files using CIAO version 4.5
and CALDB version 4.5.6. The data were filtered to remove periods with strong flares
using lc clean2 and background data sets were created using the appropriate blank
sky background fields reprojected to match the observations. For more details on
the reprocessing, see Randall et al. (2011). The background fields were normalized
to the observations in the 10–12 keV range. Exposure maps for each dataset were
2http://asc.harvard.edu/contrib/maxim/acisbg/
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created assuming an isothermal plasma emission model with kT = 3 keV, which is
approximately the temperature of the subclusters listed in White et al. (1997).
XMM-Newton
In addition to Chandra observations, Abell 98 (A98) also has archival X-ray
Multi-Mirror Mission (XMM-Newton) observations. A98 was observed with XMM-
Newton with two observations: July 2010 (OBSID 0652460101; with filtered exposure
times of 11.7 ks for Metal Oxide Semi-conductor (MOS)1, 16.9 ks for MOS2, and 3.2 ks
for PN) centered on A98S and A98SS and December 2010 (OBSID 0652460201; with
filtered exposure times of 27.9 ks for MOS1, 29.8 ks for MOS2, and 21.4 ks for PN)
centered on A98N and A98S. The observations are summarized in Table 2.1. Both
datasets were processed using the XMM-Newton Extended Source Analysis Software
(XMM-ESAS ) (Snowden et al. 2008) in combination with the Science Analysis Sys-
tem (SAS) version 13.0.3, and the most recent calibration files as of September 2013.
Analysis was performed by Esra Bulbul, and a detailed description of the process is
outlined in Bulbul et al. (2012b). The main analysis methods are summarized here.
The calibrated clean event files were produced after filtering for the high intensity
soft proton flares. Images were created in the 0.4−7.0 keV band for the MOS and PN
detectors. Identical regions corresponding to the point sources detected in Chandra
were removed from the XMM-Newton images, and were visually checked to compare
with the point sources detected with XMM-Newton . The images were examined
carefully to check for individual CCDs operating in an anomalous state. In both
observations, MOS1 CCD4 was operating in an anomalous state and thus eliminated
from further analysis. Additionally, MOS1 CCD6 was eliminated from analysis due
to a micrometeorite hit.
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Table 2.1: X-Ray Observations
OBSID Observatory Start Date Expa
(ks)
Abell 2029
891 Chandra 2000-04-12 19.8
4977 Chandra 2004-01-08 76.9
Abell 98
11876 Chandra 2009-09-17 19.2
11877 Chandra 2009-09-17 17.9
12185 Chandra 2010-09-08 18.7
0652460101 XMM-Newton 2010-07-26 11.7/16.9/3.2
0652460201 XMM-Newton 2010-12-26 27.9/29.8/21.4
aExposure times have been filtered. For XMM-Newton ex-
posures, they are listed MOS1/MOS2/PN.
2.1.3 Images of Extended, Diffuse Emission
To create merged, background- and exposure-corrected images of the extended,
diffuse emission in the energy range 0.3–8.0 keV for both Abell 2029 (A2029) and
A98, point sources were detected using the CIAO wavelet detection tool wavdetect.
Wavelet scales of 1, 2, 4, 8, and 16 pixels were used, and the significance threshold
was set to 10−6. The point sources were detected using an unbinned, unsmoothed
image (pixel scale of 0.′′492) for the individual datasets and then merged. We visually
examined the detected sources to remove duplicates, as well as remove detections that
were likely to be structure in the diffuse gas. To create point-source free images of
the diffuse emission, point sources were removed, and the excluded regions were filled
using the surface brightness of the surrounding regions and the CIAO tool dmfilth.
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2.1.4 Spectral Analysis
Chandra
X-ray spectral analysis on the Chandra data for both A2029 and A98 was per-
formed in a similar manner. Any deviations will be noted in the appropriate chapters.
Spectral analysis on the diffuse emission was performed with point sources excluded,
and, unless otherwise noted, the spectra were binned with a minimum of 40 counts
per bin. Both A2029 and A98 contained multiple observations, and the spectra from
each were fitted simultaneously using the XSPEC software package, version 12.7.0.
For details on XSPEC, see Arnaud (1996). The fitting was done using the energy
range 0.6-7.0 keV. A systematic error of 2% was applied and the blank-sky background
files were scaled so that the 10-12 keV count rate matched that of the observations.
All models fitted made use of AtomDB v2.0.1 (Foster et al. 2012).
We used three different models to fit the diffuse emission: Astrophysical Plasma
Emission Code (APEC), APEC+APEC, and a cooling flow model. Both the APEC
model and the MEKAL (named for MEwe, KAastra, and Liedahl, and which was
used in earlier studies of A2029) are collisional plasma models whose parameters in-
clude temperature and elemental abundance. The main difference between the APEC
and MEKAL models is the way that they handle the Fe L line. The APEC model
also adds additional spectral lines to calculate the emission from an optically thin,
thermal plasma, and whereas the MEKAL model uses bundles of closely-spaced emis-
sion lines, the APEC model calculates each line individually. The APEC model also
includes more recently updated radiative transition rates and electron collisional ex-
citation rate coefficients. The APEC+APEC model takes into account that there
may be two different temperature gases in the cluster. Because there is evidence of a
cooling flow in A2029, we fitted a model that included a cooling flow component with
a single-temperature APEC model to account for gas outside the cooling radius. The
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MKCFLOW model is based on one presented by Mushotzky & Szymkowiak (1988),
who found that two isothermal plasmas did not provide a good physical model for
cooling in clusters. It uses a MEKAL model for the individual temperature compo-
nents of the cooling flow. This model assumes that the mass flow rate is consistent
throughout the cooling flow. With each model we also included a photo-electric ab-
sorption component for absorption by Galactic material whose fitted parameter is the
column density of hydrogen in the direction of the object of interest.
XMM-Newton
The XMM-Newton spectra for A98 were extracted using the SAS tools mos-
spectra and pn-spectra. Redistribution matrix files (RMFs) and ancillary response
files (ARFs) were created with the SAS tools rmfgen and arfgen, respectively.
Each extracted spectrum includes contributions from the quiescent particle back-
ground (QPB), soft X-ray background emission including solar wind charge exchange
(SWCX), Galactic halo (GH), local hot bubble (LHB), extragalactic emission, and
residual contamination from soft protons. QPB spectra were extracted from the filter
wheel closed (FWC) data. The details of the background analysis and subtraction
can be found in Bulbul et al. (2012a).
Energies outside the range 0.3–10.0 keV were ignored and all MOS and PN
spectra were fitted simultaneously. We included the high-energy (7.0–10 keV) end of
the spectrum to fit the power-law slope and normalization, which are determined by
the high end of the spectrum. This power-law is used to eliminate the soft proton
residuals.
2.1.5 Spectral Maps
For A2029, spectral maps were created to examine the distributions of temper-
ature, entropy, and abundance, and for A98 a spectral map was created to examine
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the temperature distribution. Spectral maps were created using only Chandra data,
following the technique outlined in Randall et al. (2008, 2009). Briefly, the radius of
the extraction region for each pixel is allowed to grow until the minimum number of
net counts is contained inside the extraction region. The minimum number of counts
is determined by the quality of the data and the size of the desired error bars. The
column density was fixed to the appropriate value, but elemental abundance values
were allowed to vary. Spectra were extracted from the 0.6-7 keV energy range. Point
sources were excluded for the analysis.
2.2 Radio Observations
To analyze the bending of the lobes in the radio source located in A2029, we
used radio observations from Taylor et al. (1994). The observations were taken with
the Very Large Array (VLA) of the National Radio Astronomy Observatory (NRAO).
They were supplemented by observations performed by Sumi et al. (1988). Observa-
tions were made in the A, A/B, B, and C configurations over a period between 1985
and 1992 and cover four frequencies within the 3.6 cm band.
For illustrative purposes, we made use of radio contours from the VLA Faint
Images of the Radio Sky at Twenty-centimeters (FIRST) survey for A2029 and the
NRAO VLA Sky Survey (NVSS) for A98. The FIRST survey covers ∼ 25% of the
sky and is mostly contained in the northern Galactic cap. Observations were taken in
the B configuration. It has a flux density threshold of 1 mJy, systematic astrometric
errors < 0.05′′, and total positional errors on the order of ∼ 1′′ (Becker et al. 1995).
The NVSS is a 1.4 GHz continuum survey that covers the entire sky north of −40
degrees declination (Condon et al. 1998). Observations were taken in the D and DnC
configurations.
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The FIRST survey was used to create the Clusters Occupied by Bent Radio
Active Galactic Nuclei (AGN) (COBRA) catalog, which will be discussed in more
detail in Chapter 5.
2.3 Infrared
The COBRA observations were made as part of a Spitzer Snapshot Pro-
gram during Cycle 8 (PI Blanton) using the Infrared Array Camera (IRAC) cam-
era (Fazio et al. 2004) using standard observing parameters. Each field was observed
with multiple dithered full-array exposures. Background levels were separated into ei-
ther low or medium, and for each background level the number of total exposures was
adjusted so that each field achieved a comparable signal-to-noise ratio. All sources
were imaged at 3.6 µm. One-hundred thirty-five were also observed at 4.5 µm. These
include all the quasars, sources for which we had existing complementary data (in
either the optical or near-infrared (NIR)), and sources that were deemed especially
good candidates because of the appearance of their radio morphologies (particularly
clear cases of bent, symmetric, double-lobed sources). In total, our program was
comprised of 695 separate observations that took place between 2011 July and 2013
March.
The data were reduced by Dr. Matthew Ashby using standard techniques. After
being reduced, the exposures for each source were mosaicked together. The frames
were resampled during mosaicking, so that each pixel in the final mosaic subtends
one-fourth the solid angle of the native IRAC pixels. Photometric analysis (described
below in §2.3.1) was performed on the mosaicked images.
2.3.1 Source Extraction
We used SExtractor (Bertin & Arnouts 1996) in single-image mode on the
3.6 µm frames for all observations. We used many of the same parameters as outlined
28
in Lacy et al. (2005), with a few changes. We did apply a filter so that we could more
easily detect faint, extended objects. We used the tophat 2.0 3x3.conv file that is
included with SExtractor. We also used a DEBLEND MINCOUNT value of 0.01, a
BACK SIZE value of 25 pixels, and applied the gain appropriate for our observations,
based on the number of exposures and exposure time of each field. We used a sat-
uration level appropriate for our observations, which is based on the exposure time
of the image. We ran SExtractor on the full field-of-view for our Spitzer images and
created catalogs of the positions of each detected source, along with the magnitudes
and magnitude error of each detected source.
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Chapter 3
Abell 2029: A Double-Lobed Radio
Source in a Relaxed Cluster Environment
Abell 2029 (A2029) is a relaxed galaxy cluster at a redshift of z = 0.0767. At
this redshift and using the cosmology discussed in Chapter 1, this gives a scale of
1′′= 1.453 kpc and a luminosity distance DL = 347.5 Mpc. It is a Bautz-Morgan
type I cluster of galaxies (Abell et al. 1989), which means that it is dominated by a
bright cD galaxy. Using previous Chandra X-ray observations, Clarke et al. (2004a)
report a spiral excess seen in the surface brightness distribution in A2029 out to
∼ 150 kpc. Early observations of A2029 using the Einstein X-ray Observatory and
Ro¨ntgensatellit (ROSAT) indicated a mass deposition rate for the cooling flow of
M˙ between ∼ 350 and ∼ 550 M⊙ yr
−1 (Sarazin et al. 1992; Fabian 1994; Peres et al.
1998), while Clarke et al. (2004a) found M˙= 56+16
−21 M⊙ yr
−1 using a short Chandra ob-
servation. Optical observations show that A2029 does not have any indication of [OII]
in its spectrum, which is usually associated with a cooling flow (McNamara & Nulsen
2007).
A2029 is host to the radio source PKS1508+059. The source has the morphology
of a C-shaped wide angle tail (WAT) radio source. It was originally postulated that
WAT shapes were created by a host galaxy’s motion through the intracluster medium
(ICM) (Owen & Rudnick 1976); however later simulations found that the low pecu-
liar velocities of the galaxies combined with the assumed densities and velocities of
the particles within the tails themselves were not enough to produce the WAT mor-
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phology (O’Donoghue et al. 1993). With this scenario no longer a viable mechanism,
it was proposed that cluster mergers could provide the ram pressure necessary to
cause the observed morphology. In the cluster merger scenario, the relative velocities
between merging clusters can exceed 1000 km s−1, which would provide the neces-
sary relative velocity to cause the bending. Observations of some systems showed
that WATs were strongly correlated with X-ray substructure, which is indicative of a
cluster merger (Burns et al. 1994), and simulations also showed that the morphology
could be created during cluster mergers (Roettiger et al. 1996). Newer models argue
that the bending can occur with lower relative velocities that are consistent with
galaxies moving through a cluster (∼ 100 − 300 km s−1) when the jets have a high
flow velocity and low density (Jetha et al. 2006). It is also possible that gas sloshing
could create the WAT morphology. This has been seen in simulations, even in cases
where the gas velocities are not very high (Mendygral et al. 2012).
Unless otherwise stated, errors are reported at the 90% confidence level.
3.1 Images
A merged, background- and exposure-corrected image of the two exposures (one
19.8 kiloseconds (ks) exposure and one 76.9 ks exposure; see Table 2.1) using the
energy range 0.3–10.0 keV was created, and is shown in the left panel of Figure 3.1.
It has been smoothed with a 1.′′5 circular Gaussian function. We restrict our analysis
to the S3 chip, which contains the majority of the cluster emission. The extended
cluster emission is visible, as well as several point sources. The cluster emission
shows very little substructure, consistent with A2029 being a relaxed cluster. It is
elongated along the southwest-northeast axis. There is a brightness edge just to the
east/northeast of the cluster core, and a second one to the west. These can be seen in
31
the right panel of Figure 3.1, and in the unsharp-masked image described in §3.1.1.
In all of the images presented (except the spectral maps) one pixel is equal to 0.′′492.
Background corrections were made using blank sky background fields (see §2.1
for more detail on the background fields and the exposure map).
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Fig. 3.1: The left panel shows a merged, background subtracted, and exposure map
corrected Chandra 96.7 ks image of A2029 (S3 chip only) in the 0.3–10 keV energy
band. The image has been smoothed with a 1.′′5 circular Gaussian function. Here
we emphasize the extended emission of the cluster, which is elongated along the axis
from the southwest to the northeast. The linear negative east-west feature (inside the
blue box) to the south of the cluster core at α = 15h10m54.6s and δ = +05◦43′13′′ is
the absorption shadow of an edge-on foreground spiral galaxy (Clarke et al. 2004b).
The right panel shows the central 4.′5 × 4.′5 of the cluster core in the 0.3–10 keV
energy band. No smoothing has been applied. The arrows highlight the X-ray surface
brightness edges to the east/northeast and the west.
3.1.1 Residual Images
We used two different techniques—unsharp masking and beta-model
subtraction— to enhance the features in the X-ray image, especially the spiral excess.
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Before making the residual images of the extended, diffuse emission, point
sources needed to be detected and removed. See §2.1.3 for details on how those
images were made. Where there was overlap between point source detections, the
source detected in the ∼80 ks image was used. We visually examined the detected
sources and removed those that were likely to be structure in the diffuse gas from the
point source list. There were 34 sources in total. In Figure 3.2, an optical r-band
image from the Sloan Digital Sky Survey (SDSS) is shown and is matched to the
field-of-view of the Chandra image in Figure 3.1. The sources are marked with red
circles.
Figure 3.2 also has radio contours displayed to show the central WAT source.
The contours are taken from the Very Large Array (VLA) Faint Images of the Radio
Sky at Twenty-centimeters (FIRST) (Becker et al. 1995). These contours are used
throughout this chapter. Note that the central active galactic nuclei (AGN) was not
detected as an X-ray point source. It is likely that the thermal component of the gas
from the cool core dominates in this region. This is discussed further in §3.2.2.
Unsharp Masking
We created an unsharp-masked image in the 0.3–10.0 keV energy range to en-
hance faint structure in the diffuse emission. Following the methods in Blanton et al.
(2011) and Fabian et al. (2006), we created three Gaussian smoothed images—one
smoothed with a 0.′′98 radius kernel with point sources removed, one smoothed with
a 9.′′8 radius kernel with the point sources removed, and one with a 0.′′98 radius kernel
with the point sources included. For the point source free images, the point sources
were removed using the tool dmfilth, which replaces pixel values in the region of inter-
est with values interpolated from surrounding regions. A point-source free, summed
image was created using the two different smoothing scales. A difference image was
then created by subtracting the 9.′′8 Gaussian-smoothed source-free image from a 0.′′98
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Fig. 3.2: SDSS r-band image of A2029. The field of view matches that of Figure 3.1.
The X-ray point sources found by wavdetect are in red, while the radio contours of
the central AGN are in green. The foreground, edge-on spiral galaxy (inside the blue
box) that is seen as a shadow in the cluster emission can be seen in the optical image
1.′4 south of the cD galaxy.
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Gaussian-smoothed image that still had the point sources. The difference image was
then divided by the summed image to create the unsharp-masked image.
Figure 3.3 shows the unsharp-masked image with radio contours (taken from the
VLA FIRST survey) of the central AGN superimposed.
Unsharp masking reveals the inner region of the spiral as an increase in surface
brightness to the north of the cluster center. There is also a clear decrease in surface
brightness to the west of the cluster core, and the northern lobe of the AGN extends
into that deficit. A small surface brightness deficit can also be seen under the southern
radio lobe, indicative of a bubble. This was also seen in Clarke et al. (2004a) at the 4σ
level. There is a conspicuous surface brightness excess extending from the cluster core
between the lobes of the AGN, which corresponds to the very inner edge of the sloshing
spiral. The foreground, edge-on spiral galaxy noted earlier is seen prominently south
of the cluster core. As discussed in Blanton et al. (2011), unsharp masking is better
at revealing structure on smaller scales, which is consistent with not being able to see
the large-scale spiral structure here clearly; however it does reveal the sharp edges of
the inner spiral.
Beta-model Subtraction
A 2D beta-model was used to fit the surface brightness of the point source-free
0.3-10 keV image. As described in §1.1, this is the best model for fitting the X-ray
surface brightness distribution of galaxy clusters. Model subtraction is useful for re-
vealing large-scale structure. The model was fitted in Sherpa using Cash statistics,
and corrections were made for exposure, using the merged exposure map. A constant
background of 0.07 counts pixel−1 was also included, as determined from the merged
background image. The best-fitting ellipticity of the emission is 0.25±0.0012. The
position angle of the semimajor axis of the emission is 21.2◦±0.2◦, measured from
north toward east. These values are consistent with the values found by Clarke et al.
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Fig. 3.3: The unsharp-masked image of the cluster in the 0.3–10 keV energy band
smoothed with a Gaussian kernel of 2.′′5 with radio contours overlaid. There is a
prominent surface brightness decrease to the west of the cluster core which the north-
ern lobe of the AGN extends into. The slight surface brightness excess corresponds to
the sloshing spiral, which the green arrows highlight. The surface brightness excess to
the west of the southern radio lobe that extends from the cluster core in between the
lobes of the AGN is the very inner edge of the spiral. Absorption from the foreground,
edge-on spiral galaxy, resulting in a surface brightness deficit, can be seen clearly 1.′4
to the south.
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(2004a). The core radius is 27.′′53 ± 0.′′2 (40 ± 0.29 kpc), with a beta index of
0.50±0.0005 (see Equation 1.2). Errors reported are one-sigma.
The residual image, smoothed with a 7.′′5 Gaussian, is shown in Figure 3.4, with
the 1.4 GHz radio contours overlaid. The spiral excess is clearly visible, and is bright-
est to the north/northeast of the cluster center. The spiral extends out to ∼300 kpc
from the cluster center as measured from the core to the brightest southern edge of the
spiral. Measuring to the very outer southeast edge, the spiral stretches to 400 kpc.
This is one of the largest continuous sloshing spirals observed to date. Figure 3.5
shows the central 3′ × 3′ region of the residual image smoothed with a Gaussian ker-
nel of 2′′. Here we can more clearly see the interaction of the sloshing gas with the
radio galaxy. The gas seems to flow inward toward the core along the direction of
the spiral, which is predicted by the simulations of Ascasibar & Markevitch (2006),
causing an asymmetry in the shape of the radio lobes. The southern lobe is curved
in the direction of the gas flow while the northern lobe is fairly straight.
3.2 Spectral Analysis
3.2.1 Total Spectrum
To determine the global properties of the cluster out to a large radius, we an-
alyze the total spectrum. We use a radius of 116′′ (167 kpc), which is the cooling
radius found by Sarazin et al. (1992) using the ROSAT High Resolution Imager (HRI)
instrument and the radius used for the spectral fits in Clarke et al. (2004a). The anal-
ysis was performed with point sources excluded. The Chandra Interactive Analysis
of Observations (CIAO) tool specextract was used to extract the spectra from each
observation individually, as well as from the events files for the associated background
files. Weighted response files were created for the data, but not for the background
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Fig. 3.4: Residual image in the 0.3-10 keV energy band after the beta-model sub-
traction. The image has been smoothed with a Gaussian kernel of 7.′′5. Contours of
the 1.4 GHz radio emission are overlaid
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Fig. 3.5: Residual image in the 0.3-10 keV energy band of the central 3′× 3′ region
after the beta-model subtraction. The image has been smoothed with a Gaussian
kernel of 2′′. Contours of the 1.4 GHz radio emission are overlaid.
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files, since those were to be subtracted. The spectra were binned with a minimum of
40 counts per bin.
For each model used (see §2.1.4), we fitted the spectra letting the absorption be
both fixed and free. In the models where the absorption was fixed, it was held at
the Galactic value of 3.14 × 1020 cm−2 (Dickey & Lockman 1990). With the cooling
flow model, we also explored fixing the lower temperature component to kTlow =
0.0808 keV—the lower limit of the model. Results of the spectral fitting are shown in
Table 3.1. The upper and lower error values are the 90% confidence intervals.
We initially fitted the central region using a single temperature APEC model.
This yielded a temperature of 7.54±0.09 keV, which is just outside the range obtained
by Clarke et al. (2004a) using a single temperature MEKAL model (7.27+0.16
−0.14 keV).
The single APEC model yielded an abundance of 0.49 ± 0.02 Z⊙. Letting the ab-
sorption vary did not change the results of the spectral fit significantly, and yielded a
high F-test probability. This indicates that letting the absorption be a free parameter
does not improve the fit. For both fixed and free absorption, χ2/dof = 0.97. Leaving
the absorption as a free parameter yielded NH = 3.32 ± 0.23 × 10
20 cm−2, which is
consistent with the Galactic value from Dickey & Lockman (1990).
Adding a second APEC component to the model improved the spectral fits signif-
icantly, yielding an F-test probability of less than 0.02% compared to the single APEC
model. In this model, the abundances, both temperature components, and both nor-
malization components were tied together for the two observations. The abundances
for both APEC models were also tied together. With this model, the χ2/dof fell to
0.95 for both fixed and free absorption. Leaving the absorption fixed to the Galac-
tic value, the best-fitting high and low temperatures are kTlow = 5.97
+0.56
−0.67 keV and
kThigh = 11.16
+33.7
−1.63 keV. The APEC normalization parameters,
K =
10−14
4πD2a (1 + z)
2
∫
nHnedV, (3.1)
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Table 3.1: XSPEC Fits to the Inner 116′′ (167 kpc) Radius Region of A2029
Model NH kTlow kThigh Abundance M˙ χ
2/dof
(×1020 cm−2) (keV) (keV) (Z⊙) (M⊙ yr
−1)
Astrophysical Plasma Emission Code (APEC) (3.14) · · · 7.54+0.09
−0.09 0.49
+0.02
−0.02 · · · 802/826 = 0.97
APEC 3.32+0.23
−0.23 · · · 7.48
+0.12
−0.12 0.49
+0.02
−0.02 · · · 800/825 = 0.97
APEC+APEC (3.14) 5.97+0.56
−0.68 11.16
+33.7
−1.63 0.52
+0.03
−0.02 · · · 785/824 = 0.95
APEC+APEC 3.33+0.23
−0.23 5.98
+0.69
−0.72 11.31
+26.4
−1.84 0.51
+0.03
−0.02 · · · 783/823 = 0.95
APEC+MKCFLOW (3.14) 4.28+0.74
−0.74 9.68
+1.45
−0.70 0.53
+0.03
−0.03 710
+274
−270 795/824 = 0.96
APEC+MKCFLOW 3.53+0.24
−0.24 4.24
+0.80
−0.67 10.08
+2.30
−1.12 0.52
+0.03
−0.03 783
+371
−268 786/823 = 0.95
APEC+MKCFLOW (3.14) (0.0808) 7.54+0.09
−0.09 0.49
+0.02
−0.02 1.43× 10
−14 802/825 = 0.97
APEC+MKCFLOW 3.33+0.23
−0.23 (0.0808) 7.48
+0.12
−0.12 0.49
+0.02
−0.02 1.42× 10
−14 800/824 = 0.97
Note. — Values in parentheses were held fixed during the model fitting.
41
for both components are similar (Klow = 2.7
+1.5
−0.9 × 10
−2 cm−5 and Khigh = 2.1
+0.9
−1.3 ×
10−2 cm−5). Since K is proportional to the square of the density, this indicates that
one temperature component in not clearly dominant over the other. The abundance
was 0.51+0.03
−0.02 Z⊙. Letting the absorption vary gives NH = 3.33 ± 0.23 × 10
20 cm−2,
kTlow = 5.98
+0.69
−0.72 keV, kThigh = 11.31
+26.4
−1.84 keV, and Z = 0.51
+0.03
−0.02 Z⊙. In Clarke et al.
(2004a), the two component MEKAL model yielded a high temperature of kThigh ∼
7.5 keV and a low temperature of kTlow ∼ 0.1 keV within the same spatial region.
Our high temperature value is closer to the temperature found by Vikhlinin et al.
(2005), who also used Chandra. They find that between ∼ 100− 300 kpc the cluster
temperature rises to ∼ 9 keV. The region we explore extends out to approximately
170 kpc, so the area of increased temperature is included.
Last, we tried adding a cooling flow component. In this scenario, the high
temperature (kThigh) component of the cooling flow model was tied to the tem-
perature of the APEC model. As with the APEC+APEC model, the abundances
of each dataset and each model were tied together. Keeping the absorption fixed,
the MCKFLOW+APEC model gives best-fit temperatures kThigh = 9.68
+1.45
−0.70 keV
and kTlow = 4.28
+0.74
−0.74 keV. The best-fit abundance is 0.53 ± 0.03 Z⊙. The cool-
ing flow mass deposition rate is M˙= 710+274
−270 M⊙ yr
−1. Letting the absorption vary
gives a column density of NH = 3.53 ± 0.24 × 10
20 cm−2, kThigh = 10.08
+2.30
−1.12 keV,
kTlow = 4.24
+0.80
−0.67 keV, and an abundance of 0.52±0.03 Z⊙. With the absorption free,
M˙= 783+371
−268 M⊙ yr
−1. Comparing the MKCFLOW+APEC model with absorption
free to a single-temperature APEC model (with absorption free and fixed) gives an
F-test probability of ∼ 0.1%, which indicates that it is a significant improvement.
Comparing the two MKCFLOW+APEC models (one with the absorption free and
the other with the absorption fixed), an F-test shows that the one with the free ab-
sorption model is a significant improvement, yielding a probability value of ∼ 0.7%.
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The high temperatures in the cooling flow model are consistent with the val-
ues from Vikhlinin et al. (2005), and the low temperature is consistent with the re-
sults from other clusters that show gas cools to about one-half to one-third of the
ambient temperature (Peterson et al. 2003). We also fitted an APEC plus cooling
flow model where kTlow was fixed to kTlow = 0.0808 keV, which is the hard lower
limit in XSPEC, to compare with Clarke et al. (2004a). In this model, the best-
fit APEC values matched those of the corresponding (i.e. absorption fixed or free)
single-temperature APEC model discussed above and seen in Table 3.1. With this
fixed lower limit, the cooling flow rate was pegged at the lower-limit of the parameter
space at ∼ 10−14 M⊙ yr
−1, making the MKCFLOW component negligible. From this
we can infer that a significant fraction of the gas in this region is not cooling to very
low temperatures.
The best-fit cooling flow rate of M˙= 783+371
−268 M⊙ yr
−1 determined here is higher
than previously found values of between 350 and 550 M⊙ yr
−1 (Sarazin et al. 1992;
Fabian 1994; Peres et al. 1998); however, there is overlap in the confidence inter-
vals of our value and the higher previous value of 556+215
−93 M⊙ yr
−1, found using
ROSAT (Peres et al. 1998). These values are significantly higher than the rate
of 56 M⊙ yr
−1 found by Clarke et al. (2004a) using the same region for spectral
extraction. Clarke et al. (2004a) also find a kThigh/kTlow > 50, whereas we find
kThigh/kTlow ∼ 2.4, which is more in agreement with values seen in other clus-
ters (Peterson et al. 2003). We explore this discrepancy further in §3.5.
3.2.2 Central Source
We examine whether or not the central AGN can be detected spectrally. To
do this, we extracted the spectrum of a central region surrounding the AGN using
an aperture of 2.′′0 (2.9 kpc) centered on the coordinates of the radio galaxy core
as reported by Taylor et al. (1994) (α = 15h10m56.82s, δ = +05◦44′41.26′′, J2000).
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The background was determined locally from an annulus centered on the source with
an inner radius of 2.′′0 (2.9 kpc) and an outer radius of 5.′′0 (7.3 kpc). There were
approximately 1100 net counts in the region.
We fitted both a non-thermal power-law (PO) and a single-temperature APEC
model with absorption both fixed and free to the region. Parameters from each
dataset were tied together. The best-fitting photon index for the power-law model
is Γ = 2.01 ± 0.09, which is slightly higher than the photon index of Γ ∼ 1.7 − 1.8
seen in 90% of radio-loud AGN (Sambruna et al. 1999). Letting the absorption vary
improves the power-law model (lowering the χ2/dof); however, the value of Γ rises to
Γ = 3.10+0.35
−0.30. This is well above the average range of values seen in other radio-loud
galaxies (Sambruna et al. 1999). The single-temperature APEC model is a better
fit to the region. The best-fit model for the central region is the single-temperature
APEC model with the absorption free to vary; however it is not a significant im-
provement over fixed absorption as the F-test probability is ∼ 39%. The APEC
model with free absorption yields an absorption of NH = 6.38
+6.23
−5.49 × 10
20 cm−2, a
temperature of kT = 2.47+0.44
−0.36 keV, and an abundance of Z = 1.29
+0.92
−0.55 Z⊙. Neither
an APEC+APEC model nor an APEC+PO model was an improvement over the
best-fitting single-temperature APEC model. Based on our best-fit model there is no
detection of non-thermal emission from an AGN. This is consistent with Clarke et al.
(2004a), who found that the best fit model was a single-temperature MEKAL model.
They were unable to find good fits with a power-law component with a photon index
Γ < 3.4.
3.2.3 X-Ray Spectral Maps
We created spectral maps as described in §2.1.5 For the temperature and entropy
maps, we used a minimum of 3,000 net counts per fit, and for the abundance map
we used a minimum of 10,000 net counts per fit to improve the errors. The maps
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are binned such that each pixel is 10”. The radius of the extraction region for each
pixel is allowed to grow until the minimum number of net counts is contained inside
the extraction region. In the central region where the surface brightness is high,
there is little-to-no overlap between the extraction regions. There, each 10” pixel
represents a spectral fit, while at the edge of the field the surface brightness is lower
and the neighboring regions overlap significantly. As many as 15 pixels are contained
in an extraction region at the edge of the field. Point sources were excluded from the
spectral fits, as was the region that includes the foreground, edge-on spiral galaxy.
The column density was fixed to the Galactic value of 3.14×1020 cm−2, but elemental
abundance values were allowed to vary.
Figure 3.6 shows a temperature map of A2029 with contours of the brightest
part of the spiral overlaid in black and the full extent of the spiral overlaid in green.
The spiral feature is coincident with the cooler parts of the cluster, as predicted in
the sloshing model. Errors are, on average, between 10%-15% across the map. They
range from less than 10% in the center of the cluster where the count rate is highest,
to approximately 25% at the outer edge of the map.
Along with cooler temperatures, we expect the region with the spiral excess
to show higher abundances, since the sloshing displaces the metal-rich gas from the
cluster core and brings it into contact with the more metal-poor ICM outside the
cluster center. The cluster core is more metal rich because of supernovae explosions
in the cD galaxy. Figure 3.7 shows that the contours tend to trace the areas of highest
abundance, most clearly in the bright, northern region. This is consistent with the
idea that the higher metallicity gas in the center of the cluster is being displaced,
creating the sloshing spiral. While the errors are large, the abundance map can be
used as a visualization tool. The errors start at 20% at the lowest in the center of
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Fig. 3.6: Temperature map of A2029 with contours of the brightest part of the
spiral overlaid in black and contours of the full extent of the spiral overlaid in green.
The spiral is coincident with the cooler parts of the cluster. Each temperature was
calculated using a minimum of 3000 net counts in the energy range 0.6-7 keV. The
regions were allowed to grow from their minimum binning of 10′′ so that each region
would meet the minimum count requirement. The image has been smoothed with a
Gaussian with a kernel radius of 30′′. The scale bar is in kT with units of keV.
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Fig. 3.7: Abundance map of A2029 with contours of the brightest part of the
spiral overlaid in black and contours of the full extent of the spiral overlaid in green.
The brightest part of the spiral appears coincident with a region of high abundance,
although high abundance regions are are also seen elsewhere in the cluster. Spectral
fits were performed using a minimum of 10,000 net counts per region. This map has
been smoothed with a Gaussian with a kernel radius of 30′′. The scale bar shows
abundance in units relative to the solar abundance.
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the map and reach up to 50% towards the edge of the field. Within the spiral region,
the errors range from 20% to 40%.
We also construct a pseudo-entropy map. Pseudo-entropy is defined as
kT (K/A)−1/3, where K is the APEC normalization, and A is the on-chip area of
the extraction region. Since K ∝ n2e, the pseudo-entropy is proportional to kTn
−2/3
e .
The combination of low temperature and high density in the spiral enhances the en-
tropy and there is a noticeably lower entropy in the spiral region. This is seen in
Figure 3.8, where the lowest entropy portion of the cluster follows the spiral struc-
ture. There is also an overall trend of entropy increasing away from the center of the
cluster.
The spectral maps show that the distribution of temperature, abundance, and
entropy are correlated with the spiral structure. We explore this structure in more
detail in the following section.
3.3 The Sloshing Spiral Feature
The spiral feature visible in Figure 3.4 is similar in morphology to the spiral
features induced by sloshing seen in simulations of cluster-cluster mergers originally
described in Ascasibar & Markevitch (2006), and more recently in e.g. ZuHone et al.
(2010) and ZuHone et al. (2011). The simulations in ZuHone et al. (2011) in-
cluded magnetic fields to stabilize the cold fronts against Kelvin-Helmholtz In-
stabilities (KHIs), which give the appearance of ragged edges, in contrast with
the smooth edges that are observed in many systems. Some systems, how-
ever, such as A496 (Roediger et al. 2012b) and the merging groups NGC7618 and
UGC12491 (Roediger et al. 2012a) do show distortions that are consistent with KHIs.
The prevalence of smooth edges may be due to viewing the cold fronts in projec-
tion (Roediger et al. 2011).
48
41 301 561 824 1084 1347 1607 1867 2130 2390 2650
10.0 05.0 15:11:00.0 55.0 50.0 45.0 10:40.0
48
:0
0.
0
46
:0
0.
0
44
:0
0.
0
42
:0
0.
0
5:
40
:0
0.
0
Right Ascension (J2000)
D
ec
lin
at
io
n 
(J2
00
0)
Fig. 3.8: Psuedo-entropy map of A2029 with contours of the brightest part of the
spiral overlaid in black and contours of the full extent of the spiral overlaid in green.
The scale bar is in arbitrary units. The part of the cluster with the lowest entropy
is coincident with the spiral feature, and the entropy increases outward. The image
has been smoothed with a Gaussian with a kernel radius of 30′′.
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In the simulated mergers, the cool, central gas in the cluster is displaced to larger
radii and then falls back towards the center of the potential well, oscillating around
the potential minimum. This is known as sloshing. The sloshing sets up cold fronts,
and the spiral structure results when the merger is off-center, transferring angular
momentum. We would expect the brightness excess seen in Figure 3.4 to also be
seen as excesses in the surface brightness profile of the region including the spiral.
The temperature profile of these regions should show cooler gas coincident with the
regions of surface brightness excess. A list of global sloshing features (e.g. brightness
edges, large-scale asymmetry, temperature and metallicity structure) can be found in
Roediger et al. (2012b).
We have extracted surface brightness profiles from wedges in two directions,
north (N) and southwest (SW), as shown in Figure 3.9. The N region includes the
inner part of the spiral, while the SW region includes the outer part of the spiral.
Due to the placement of the cluster on the chip, we were able to go out to a larger
radius when exploring the properties of the SW region. The surface brightness profile
obtained from the original merged image is shown in Figure 3.10a. Many of the error
bars are smaller than the symbols used. The excess in the N region is seen between
∼ 20′′ (∼ 29 kpc) and ∼ 80′′ (∼ 116 kpc), while the excess emission in the SW region
extends beyond ∼ 80′′ (∼ 116 kpc). We examined a 30′′ (∼ 44 kpc) circular region
in the northern part of the spiral where there was a surface brightness excess seen in
the surface brightness profile and compared it with an identical region at the same
distance from the cluster center directly south of the core where no surface brightness
excess was observed. We did the same for examining the SW excess (as compared
to the north) at larger radii using a 50′′(∼ 73 kpc) circular region. We find a 24%
excess of counts in the brightest part of the spiral to the north of the cluster center
compared to the same radial range in the SW, corresponding to 44σ. In the southwest
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Fig. 3.9: The two regions used for creating surface brightness, temperature, density,
and pressure profiles overlaid on the residual image of the spiral feature.
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region, corresponding to the outer part of the spiral, there is a 22% excess of counts
compared to the same radial range in the north, corresponding to 26σ.
In addition to determining the surface brightness profile in these two directions,
we also measure the spectral properties. For the temperature profile, we have ex-
tracted spectra from the same two wedges, but using fewer annuli than for the surface
brightness profile, using the method described in §2.1.4. These regions are shown in
the left panel of Figure 3.11. The spectra were fitted using an APEC thermal plasma
model with the absorption fixed to the Galactic value. Elemental abundances were
allowed to vary. The temperature profile is shown in Figure 3.10b. The regions used
to extract the spectra are larger than the regions used in the surface brightness profile
to minimize the error bars. Each region has a minimum of 10,000 net counts. In the
region to the north that corresponds to the surface brightness excess, the temper-
ature is cooler than the SW region, where there is no surface brightness excess at
those radii. This temperature relationship is inverted for the outer portion of the
spiral. There the temperature in the SW region (where there is a surface brightness
excess) is cooler than points at the same radii in the northern region (where the sur-
face brightness is lower). The surface brightness excess to the north is the greatest at
r ∼ 40′′ − 50′′ (r ∼ 58− 73 kpc), which is where the gas is most significantly cooler.
For the southwest, the surface brightness is greatest at r ≥ 80′′ (r ≥ 116 kpc), and
the temperature is correspondingly cooler here than to the north. The relationship
between the two regions is as expected in a sloshing model, where cool gas in the
cluster core has been displaced to larger radii in a spiral distribution.
Figure 3.10c shows the electron number density profile of the two regions, with
the annuli shown in the right panel of Figure 3.11. The density was calculated
by deprojecting the X-ray surface brightness, assuming that the emissivity is con-
stant within spherical shells, following the method described in Blanton et al. (2009),
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Fig. 3.10: Surface brightness profile (a), projected temperature profile (b), density
profile (c), and pressure profile (d) using the sectors shown in Figure 3.9. In the N
region, the surface brightness excess stretches from ∼ 20′′ (∼ 29 kpc) to ∼ 80′′ (∼
116 kpc), while in the SW region the surface brightness excess extends past ∼ 80′′ (∼
116 kpc). The inner dashed line marks the beginning of the spiral excess to the north.
The outer dashed line marks the other edge of the spiral in the north and the inner
edge of the spiral in the southwest. Error bars are one-sigma.
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Fig. 3.11: Annuli used for the temperature profile (shown in the left panel) and for
the density and pressure profiles (right panel) shown in Figure 3.10.
Wong et al. (2008), as well as Kriss et al. (1983). The surface brightness is propor-
tional to n2T 1/2. Because of the weak temperature dependence, the density is not a
very sensitive function of the temperature. The projected spectral fits are used to
convert count rates to flux, which can be combined with the emissivity to calculate
density. Combining the density with the temperature (which was found by fitting
each region with a single APEC model in XSPEC), we determine the pressure. Each
region contains at least 10,000 counts. In the region of the inner spiral, the density
is higher to the north than the same radial values in the SW region, where there is
no surface brightness excess. The density becomes noticeably enhanced in the north
at about 40′′ (∼ 29 kpc), which is where the surface brightness excess is largest (as
seen in Figure 3.10a). It is more difficult to see this effect in the outer region of the
spiral. The difference in surface brightness is not as large, and there are also fewer
points for comparison.
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Figure 3.10d shows the pressure profile of the two regions. The same regions
used to calculate the density across the spiral were used to calculate the pressure.
The density combined with the projected temperature of each radius was used to
determine pressure. The pressure is similar at corresponding radii in both the N and
SW regions of the spiral. We see no significant jumps in the pressure profile that
would correspond to shocks. The pressure profile is smooth across the edges of the
spiral feature, which is consistent with cold fronts.
3.4 Bending of WAT Lobes Through ICM Sloshing
The radio galaxy at the center of the cluster is affected by the spiral feature,
and vice versa. The radio galaxy appears to have inflated bubbles with its lobes,
as evidenced by the way that the spiral does not smoothly connect to the center of
the cluster in the south, and the deficit of X-ray emission at the position of the NW
lobe. It is also likely that the spiral is affecting the shape of the radio lobes, giving
them their wide-angle tail morphology. The lobe that has evacuated the cavity to
the south appears to be bent more than the other lobe. This type of asymmetry was
found in simulations by Mendygral et al. (2012). They performed three-dimensional
magnetohydrodynamical simulations to explore the interaction between AGN and
ICM “weather” such as sloshing and found that ICM flows could cause asymmetries
between the AGN lobes and jets even in seemingly relaxed clusters. The motion
of the ICM is most likely at an angle to the jet axis, as the AGN morphology is
a cross between the two limiting cases—ICM motion aligned with the jet axis and
ICM winds orthogonal to the jet axis—discussed in Mendygral et al. (2012). We see
that there is a wide-angle tail morphology, but the southern jet is more bent than
the northern jet. This kind of morphology is seen in the simulations when the ICM
winds are orthogonal to the jet axis. The northern jet is more elongated than the
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southern jet, which is seen in the simulations when the ICM winds are aligned with
the jet axis. The southern lobe is bent towards the southwest. The gas is expected
to flow inwards along the spiral (see the velocity vectors in Ascasibar & Markevitch
(2006), specifically their Figure 7), so the displacement of the lobe is consistent with
the flow of gas along the portion of the spiral that runs parallel to the southern lobe.
This kind of distortion can help provide information about the velocity structure of
clusters where it is not possible to do direct measurements.
Using a method similar to the one described in Douglass et al. (2008, 2011),
we estimate the relative velocity between the ICM and radio galaxy. If we assume
pressure balance between the radio lobes and the ICM, we can equate the ram pressure
of the buoyant radio lobes to the dynamic ram pressure of the ICM as it sloshes past
the AGN, which gives
ρrv
2
r
rc
=
ρICMv
2
g
rr
, (3.2)
where rr is the radius of the lobe, vr is the velocity of the plasma in the lobe, ρr is the
mass density of the lobe, ρICM is the density of the ICM (where ρICM = 1.92neµmp;
µ is the mean atomic mass of the cluster and is assumed to be 0.6 and ne is found
from the density profile), vg is the velocity of the galaxy relative to the ICM, and rc
is the radius of curvature of the source. Using the kinetic model of O’Donoghue et al.
(1993), the condition used to determine the internal density required to produce the
observed luminosity of the lobes is
Lrad,l =
ǫπr2rρrv
3
r
2
. (3.3)
This model assumes that some fraction (ǫ) of the kinetic energy is converted into
the observed radiation. Combining this with Equation 3.2, the velocity of the galaxy
relative to the ICM is:
vg =
(
2Lrad,l
ǫπρICMvrrcrr
)1/2
. (3.4)
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Here, Lrad,l is the radio luminosity of the lobe.
To determine the efficiency with which the kinetic energy of the outflow is con-
verted into radiation, we need to determine the mechanical power of the source and
the total radio luminosity of the source (ǫ = Lrad/(Ekin/t)). The kinetic energy of
the AGN goes into evacuating cavities in the ICM and, in the case of relativistic
jets, Ekin = 4PV (Churazov et al. 2001). Assuming that the AGN is in pressure
equilibrium with the ICM, we can estimate the pressure from our pressure profile
and find that at the outer edge of the southern lobe, P = 6.4 × 10−10 dyn cm−2.
To determine the volume, we estimate a circular radius for the southern lobe of
4.′′7 (6.9 kpc). To determine the power, we assume a typical AGN repetition rate of
5×107 years (Bˆırzan et al. 2008). We multiply this power by two to account for both
lobes. To find the radio luminosity, we use the following equation:
Lrad = 4πD
2
LSν0
∫ ν2
ν1
(
ν
ν0
)−α
dν. (3.5)
We find the total radio luminosity to be 3.8 × 1042 erg s−1, using a spectral index
of α = 1.52, a reference flux of 511 mJy at 1490 MHz (Taylor et al. 1994), and
integrating between 107 Hz and 1011 Hz (Equation 3.5 is valid at low redshifts. For
the high-redshift clusters discussed in Chapter 5 the frequency limits are corrected
for redshift). From this we find an efficiency of ǫ = 0.03. Typical values of ǫ fall
between 0.001 and 0.1 (Bˆırzan et al. 2008). At the reference frequency, the core
of the AGN is not visible and we can set Lrad,l = Lrad. From the density profile
we find ρICM = 6. × 10
−26 g cm−3. We measure rc = 17 kpc and rr = 7 kpc.
The only unknown is vr—the velocity of the plasma in the radio lobe. In well-
collimated jets, flow velocities are estimated to be between 0.3c and 0.7c (Jetha et al.
2006). In the lobes, these velocities are less restricted, but may be between 0.05c and
0.2c (Douglass et al. 2008). For flow velocities closer to 0.7c relativistic effects may
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need to be included; however at 0.2c the Lorentz factor is less than the square-root
of two and thus we ignore any relativistic effects. Taking vr = 0.05c as our lower
limit and vr = 0.2c as our upper limit, we find that the relative velocity between the
galaxy and the ICM (Equation 3.4) is between 150 km s−1 and 300 km s−1, which is
consistent with sloshing velocities (Mendygral et al. 2012). As mentioned previously,
the lobe is being displaced along the direction of gas flow, so it is likely that the
sloshing in A2029 is distorting the radio lobe.
3.5 Cooling vs. Heating in A2029
The gas cooling time can be calculated from the following equation (Sarazin
1988):
tcool = 8.5× 10
10 yr
( np
10−3 cm−3
)−1( Tg
108 K
)1/2
, (3.6)
where np = ne/1.21 is the proton number density and Tg is the temperature of the
gas. From the temperature and density profiles we find that Tg = 6.1 keV and
ne = 0.043 cm
−3 at a radius of 13.8” (20 kpc). Inside this radius we calculate a
cooling time of ∼ 1.4× 109 yr, which is much shorter than the Hubble time. This is
another indicator (along with the spectrally-determined high mass deposition rate)
that cooling is important in the cluster. We can also calculate a mass deposition rate
based on the X-ray luminosity of the gas. For steady-state, isobaric cooling,
Lcool =
5
2
kT
µmp
M˙. (3.7)
As above, µ is the mean atomic mass of the cluster (which we take to be µ=0.6). Inside
this radius, Lcool = 1.4 × 10
45 erg s−1 (derived from the single APEC X-ray spectral
fit). Setting kT = 8.5 keV (the temperature at r = 116”), we find M˙= 805 M⊙ yr
−1.
As discussed in §3.2.1, our spectroscopically derived cooling flow rate differs
significantly from the value derived in Clarke et al. (2004a). We have performed a
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series of tests to determine the source of this discrepancy. One possibility is simply
that the differences are due to using a deeper set of observations here, as well as
updated calibrations. To test this we performed the spectral fits just on the 20
ks dataset, and found that the mass deposition rate was M˙= 378+313
−348 M⊙ yr
−1,
which, because of the large error bars, is consistent with M˙= 56 M⊙ yr
−1. A second
possibility is that there is another minimum in the parameter space that gives the
lower cooling flow rate. To test this we used both data sets. Since Clarke et al.
(2004a) uses the energy range 0.7-8 keV to do their spectral fits, we first tested the
fit by using our data and fitting in that energy range. Again, a high mass deposition
rate was favored. We also fixed the mass deposition rate to M˙= 56 M⊙ yr
−1, then
compared that fit with our fit. Comparing with an F-test, the higher mass deposition
rate is a better fit, with an F-test probability of 0.03%. We then fixed the upper
energy to 7 keV, and varied the lower limit between 0.4 and 0.8 keV. Again, the
larger mass deposition rate was favored. Lastly, we fitted the spectrum within a
smaller radius. With a smaller radius we expect the mass deposition rate to be
lower. We find that it is; however, it is still consistent with a mass deposition rate of
hundreds of solar masses per year, with no overlap in the error bars with the lower
rate. We again fixed the mass deposition rate to the lower value, and still find that
the higher value is a better fit. We conclude that the high mass deposition rate is
the better fit, although it is not very well constrained. It is also likely that heating
from the AGN is insufficient to offset the cooling. Sloshing may supply an important,
additional heating mechanism.
Despite the high mass deposition rate, there is very little star formation
taking place in A2029. Hicks et al. (2010) found a star formation rate of M˙=
0.03 − 0.06 M⊙ yr
−1 using GALEX. There is also no evidence of Hα emission from
the central cD (McDonald et al. 2010). One possible explanation for the apparent
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lack of star formation is heating by the central AGN. As above, we estimate the
energy injection from the AGN as E = 4PV and average over a typical source
repetition rate of 5 × 107 yrs. This yields 1 × 1044 erg s−1, which is an order
of magnitude lower than necessary to offset the cooling. Thus, A2029 provides a
good example of a cluster where sloshing may be a significant component of heat-
ing that prevents large amounts of cooling (ZuHone et al. 2010). We can contrast
A2029 with the cluster SPT-CLJ2344-4243 (z = 0.596), which has a mass deposi-
tion rate of M˙= 2700 ± 700 M⊙ yr
−1, but also shows a high star formation rate
of M˙= 798 ± 42 M⊙ yr
−1 (McDonald et al. 2013). The mass deposition rate was
determined using the X-ray luminosity (McDonald et al. 2012), rather than spectro-
scopically. The cooling flow there is likely inducing the starburst, indicating that
whatever feedback mechanism that is prevalent in low-redshift clusters such as A2029
is not present in the higher redshift system.
3.6 Discussion and Conclusions
This spiral seen in A2029 is likely the result of an off-axis merger with a sub-
cluster, as similar features are seen in simulations of such events. The presence of the
spiral highlights the fact that even in very relaxed clusters sloshing spirals are possible
(A2029 is considered one of the most relaxed clusters in the Universe (Buote & Tsai
1996), and there is no optical evidence of substructure (Dressler 1981)). The brightest
part of the spiral (shown in the black contours in Figures 3.6, 3.7, and 3.8) extends
approximately 300 kpc from the cluster core to the brightest edge directly south.
Measured to the southeast edge, the full extent of the spiral reaches 400 kpc (green
contours in Figures 3.6, 3.7, and 3.8), making it one of the largest continuous sloshing
spirals identified to date. There is some evidence that the spiral in the Perseus clus-
ter extends out to 700 kpc in the east and over a Mpc in the west (Simionescu et al.
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2012); however it is not continuous. This may indicate that it is observed at a less
face-on orientation than the spiral in A2029.
The total cluster emission is best fitted by either an APEC+APEC model or
an MKCFLOW+APEC model with absorption allowed to vary. The APEC+APEC
model with absorption fixed gives kTlow = 5.97
+0.56
−0.68 keV and kThigh = 11.16
+33.7
−1.63 keV,
with normalization values that are within a factor of two. The abundance for this
model is 0.52+0.03
−0.02 Z⊙. The cooling flow model yields a high temperature component of
kThigh = 10.08
+2.30
−1.12 keV cooling to a temperature of kTlow = 4.24
+0.80
−0.67 keV with a mass
deposition rate of M˙= 783+371
−268 M⊙ yr
−1. The abundance is 0.52 ± 0.03 Z⊙. While
fairly high, this mass deposition rate is consistent with other studies of this cluster,
particularly the ROSAT value of 556+215
−93 M⊙ yr
−1 (Peres et al. 1998). The ratio
kThigh/kTlow ∼ 2.4 is consistent with previous values of other clusters (Peterson et al.
2003). The mass deposition rate found here differs significantly from the rate of
56 M⊙ yr
−1 and the ratio kThigh/kTlow > 50 found by Clarke et al. (2004a). A series
of tests shows that the high mass deposition rate of M˙= 783+371
−268 M⊙ yr
−1 is a better
fit to the data.
We also find that the center of the cluster is most likely dominated by the
thermal component of the gas and do not find evidence for non-thermal emission
from the AGN.
The surface brightness profile shows a clear brightness excess in the regions
where the spiral is seen. We also see a decrease in temperature in the area of the
spiral compared to the average cluster temperature, and an increase in density. Both
of these are consistent with simulations of sloshing. These features are most obvious
in the N region of the cluster, where the brightness excess is the largest. The pressure
varies smoothly across the spiral, consistent with a cold front.
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These features are also seen in the spectral maps. The spiral can be seen tracing
areas of cooler temperature, higher abundance, and lower entropy, which is consis-
tent with a scenario where cool, metal-rich, central gas is displaced to larger radii.
Temperature maps from X-ray Multi-Mirror Mission (XMM-Newton) also show areas
of low temperature gas tracing a spiral structure to the south, however there is no
explicit mention of sloshing (Bourdin & Mazzotta 2008).
The simulations performed by Ascasibar & Markevitch (2006) and ZuHone et al.
(2010) start with initial conditions for their main clusters that closely match the
conditions in A2029. Thus, we can compare our observations to their simulations to
put rough constraints on the merger history of A2029. The simulations that appear
most similar to our observations have a mass ratio of 5 and an impact parameter
of 500 kpc. From these simulations, it appears that the merger in A2029 occurred
between 2-3 Gyr ago. To constrain the geometry of the merger, we compare our
observations to Abell 496 (Roediger et al. 2012b), which is an elliptical cluster similar
to A2029. The ellipticity introduces uncertainty in the determination of the orbit
orientation, however Roediger et al. (2012b) find that the large-scale structure of
their residuals favors the fiducial case, where the subcluster crosses along a diagonal
orbit from the SE to the N/NW. This is what we compare with A2029. Doing this, we
conclude that the subcluster most likely followed an orbital path from the southeast
to the northwest, passing west of the cluster center.
Sloshing features are thought to be associated with radio mini-halos, with these
halos tracing the properties of the spiral (Mazzotta & Giacintucci 2008). A2029 is
host to such a halo, and the morphology of the halo is similar to the morphology of
the spiral (Govoni et al. 2009). The connection between the mini-halo and the spiral
is not well understood, and more observations in the radio are needed to fully explore
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this phenomenon. It is possible that some of the energy from the sloshing is going
into re-accelerating the radio-emitting relativistic particles.
The sloshing spiral is most likely distorting the central AGN, giving it a WAT
morphology. This distortion will be useful for finding clusters at high redshift. Bent,
double-lobed radio sources (such as the one at the center of A2029) are found in
clusters ∼ 70% of the time, and thus are good tracers of clusters over a wide range
of redshifts (Wing & Blanton 2011). The Mendygral et al. (2012) simulations show
that these bent AGN can be found in relatively relaxed clusters, as well as in clusters
where mergers have recently occurred. This will allow us to probe clusters with
varying properties and to explore their evolution with redshift, which is the impetus
behind the Clusters Occupied by Bent Radio Active Galactic Nuclei (AGN) (COBRA)
survey. The high-redshift COBRA survey will be discussed in detail in Chapter 5.
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Chapter 4
Abell 98: A Double-Lobed Radio Source
in a Merging Environment
Abell 98 (A98) is a “triple” cluster at a redshift of z = 0.1042. It is a Bautz-
Morgan type II-III and a richness class 3 (Abell et al. 1989) cluster. A Bautz-Morgan
type II-III cluster is a cluster with an intermediate type between type II, which has
moderately bright ellipticals, and type III, which has no objects that are significantly
brighter than any others in the cluster. There are three main components: Abell 98N
(A98N) (J2000: α: 00h46m25.0s, δ: 20◦37′14′′), with a redshift z = 0.1043; Abell 98S
(A98S) (J2000: α: 00h46m29s, δ: 20◦28′04′′), with a redshift z = 0.1063; and Abell
98SS (A98SS) (J2000: α: 00h46m36.0s, δ: 20◦15′44′′), with a redshift z = 0.1218.
The projected distance between A98N and A98S is 1.1 Mpc, and the projected dis-
tance between A98S and A98SS is 1.4 Mpc. Positions reported for A98N and A98SS
are the positions of the peak of the Einstein X-ray surface brightness reported by
Jones & Forman (1999), while the position reported for A98S is the position of the
active galactic nuclei (AGN) (Burns et al. 1994). The redshifts reported for A98N
and A98S are from White et al. (1997), while the redshift for A98SS was calculated
using the velocities reported in Pinkney et al. (2000). A98 was studied extensively
in the optical by Faber & Dressler (1977) and Dressler (1978a,b). The original op-
tical data were shown by Henry et al. (1981) to have a bimodal distribution, which
they designate as A98N and A98S. This bimodal distribution was also seen in early
Einstein X-ray observations of the ICM (Forman et al. 1981; Henry et al. 1981). A
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third component (A98SS) was seen in the X-ray by Jones & Forman (1999) using the
Einstein Observatory.
A98S is host to the radio source 0043+2011 (4C 20.04). Despite its straight
morphology, it is considered a wide angle tail (WAT) radio source since the jets disrupt
and decollimate into tails (O’Donoghue et al. 1993). It is possible that bending may
be occurring along the line of sight, so that the jets appear straight in projection.
Figure 4.1 shows a merged, background- and exposure-corrected image of the
extended, diffuse emission in the energy range 0.3–8.0 keV, which was created as
described in §2.1.3.
All three subclusters are clearly visible in Figure 4.1. A98N, the northernmost
subcluster, has the morphology of a cool core cluster, and there is an indication of
either a gas sloshing spiral or a shock in the ICM. A98S, the central subcluster, has
a disturbed morphology, with two bright peaks. One of these peaks is the central
point source corresponding to the AGN that is powering the WAT. There is also a
diffuse peak to the east of the AGN. A98SS, the southernmost subcluster, also has a
disturbed morphology, with no bright peaks.
Figure 4.2 shows the full combined mosaic XMM-Newton Metal Oxide Semi-
conductor (MOS) and PN (so called because it uses pn charge-coupled devices
(CCDs)) image of A98. Because of the lower angular resolution, many of the de-
tails seen in Figure 4.1 are not as obvious in the XMM-Newton image as they are in
the Chandra image.
Using the cosmology described in §1, at the redshift of A98 (z=0.1042), the
scale is 1′ = 1.913 kpc and the luminosity distance to the cluster is DL = 481.0 Mpc.
Unless otherwise stated, reported errors correspond to 90% confidence intervals and
analysis has been performed on the Chandra data.
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Fig. 4.1: Merged, background subtracted, and exposure map corrected Chandra
image of the extended, diffuse emission of A98 in the 0.3–8.0 keV energy band. The
image has been smoothed with a circular Gaussian function of full-width at half-
maximum (FWHM) = 5′′. The subclusters are circled with the regions used for the
spectral extraction. From north to south they are: A98N, A98S, and A98SS. A98N
shows a regular distribution and a bright central peak, attributes indicative of a cool
core cluster. A98S and A98SS do not have regular morphologies or bright central
cores, as is typical of non-cool core clusters.
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Fig. 4.2: Exposure and background corrected X-ray Multi-Mirror Mission (XMM-
Newton) image of the triple cluster system A98 in the energy band 0.4–10.0 keV. The
image has been binned by a factor of 2. The circles and ellipse show the regions from
which the XMM-Newton spectra were extracted.
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4.1 Cluster Dynamics
Because this system consists of three distinct subclusters, we first considered
whether they were bound to each other. We followed the method outlined in
Beers et al. (1982), although we note that there is a typographical error in their
equation 13a, which is corrected in Andrade-Santos et al. (2015). We restricted our
analysis to the A98N-A98S and A98S-A98SS pairs. While the fact that this cluster is
a triple system will in principle affect our calculations, the gravitational interactions
are dominated by adjacent pairs, such that these effects are small. There are three
possibilities for each pair: bound-incoming (BI), bound-outgoing (BO), and unbound-
outgoing (UO). For the calculation, we used t = 12.1 Gyr, which is the age of the
Universe at the redshift of A98 as a whole (z = 0.1042), rather than the redshifts of
the individual subclusters. The subcluster masses were determined using the M − T
relation of Finoguenov et al. (2001) and the temperatures determined in §4.2.1. We
find MA98N = 2.1× 10
14 M⊙, MA98S = 1.8× 10
14 M⊙, and MA98SS = 1.9× 10
14 M⊙.
The relative velocities (Vr) were found using the redshift difference between the sub-
clusters, and the projected distance (Rp) was taken to be the distance between the
center of each subcluster as given at the beginning of this chapter. The redshift
for A98SS was calculated using the cluster members listed in Pinkney et al. (2000).
Within a 7.′5 (∼ 1 Mpc) radius, there were 14 cluster members in the sample. One of
those members had a redshift of z = 0.0505, while the BCG of A98SS has a redshift
of z = 0.1205. This is 16.5 times the standard deviation of the other 13 cluster mem-
bers. Because of this large difference, and since there were no other cluster members
with similar redshifts, we did not include this galaxy in our calculation. We used
a total of 13 cluster members and averaged over their redshifts. For A98N-A98S,
Vr = 600 km s
−1 and Rp = 1058 kpc, while for A98S-A98SS Vr = 4260 km s
−1 and
Rp = 1428 kpc.
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For the case where the clusters are gravitationally bound, the equations
of motion can be written in the following parametric form (Beers et al. 1982;
Andrade-Santos et al. 2015):
R =
Rm
2
(1− cosχ) , (4.1)
t =
(
R3m
8GM
)1/2
(χ− sinχ) , (4.2)
V =
(
2GM
Rm
)1/2
sinχ
(1− cosχ)
, (4.3)
where Rm is the separation of the subclusters at maximum expansion, M is the total
mass of the system, t is the age of the Universe at the redshift of the cluster, and χ
is the development angle used to parameterize the equations. For the case where the
clusters are not gravitationally bound, the parametric equations are:
R =
GM
V 2
∞
(coshχ− 1) , (4.4)
t =
GM
V 3
∞
(sinhχ− 1) , (4.5)
V = V∞
sinhχ
(coshχ− 1)
, (4.6)
where V∞ is the asymptotic expansion velocity. Vr and Rp are related to the system
parameters by
Vr = V sinα, Rp = R cosα. (4.7)
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In these equations, α is the projection angle of the system with respect to the plane
of the sky. Finally, energy considerations determine the limits of the bound solutions:
V 2r Rp ≤ 2GM sin
2 α cos α. (4.8)
Figure 4.3 shows the different solutions for each of the subcluster pairs, as well as
the solutions based on the 90% error bars on the temperature measurements as found
in §4.2.1. There are no BO solutions for A98N-A98S, and no bound solutions at all
for A98S-A98SS. For A98N-A98S, there are two BI solutions due to the ambiguity in
the projection angle, α: a) χ = 4.4 rad, α = 67.1◦, R = 2.72 Mpc, Rm = 4.16 Mpc,
V = 651 km s−1; b) χ = 5.1 rad, α = 25.2◦, R = 1.17 Mpc, Rm = 3.83 Mpc,
V = 1411 km s−1. The unbound solution is: χ = 0.8 rad, α = 84.4◦, R = 10.8 Mpc,
V = 603 km s−1, V∞ = 234 km s
−1. The three-dimensional separations between A98N
and A98S are 2.7 Mpc, 1.2 Mpc, and 10.8 Mpc, for the three solutions, respectively.
For A98S-A98SS, the unbound solution is: χ = 7.11 rad, α = 88.5◦, R = 53.2 Mpc,
V = 4262 km s−1, V∞ = 4254 km s
−1. The three-dimensional separation between
A98S and A98SS is 54.5 Mpc. We used the method discussed in Girardi et al. (2005)
to determine the probability that the system is bound. The probability was computed
using the solid angle P =
∫ α2
α1
cosαdα, where α1 and α2 are the angles at which the
limit of bound solutions intersect Vr. We find that there is a 67% probability that
A98N and A98S are bound. With no BO solution, it is unlikely that A98N and A98S
have encountered each other in the past.
Our solution for the A98N-A98S pair differs from the solution found by
Beers et al. (1982). They found that the system is bound with a 98% probability.
They also found that there are only bound solutions – two incoming and one outgo-
ing. The two BI solutions they found are: a) χ = 4.06 rad, α = 78◦, R = 3.67 Mpc,
Rm = 4.57 Mpc, V = 550 km s
−1; b) χ = 5.37 rad, α = 13◦, R = 0.76 Mpc,
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Fig. 4.3: The top panel shows the dynamical solutions between A98N and A98S,
while the bottom panel shows the solutions between A98S and A98SS. The red,
dashed-dotted lines show the bound solutions, while the blue, dashed lines show the
unbound solutions. The black, solid lines show the limit of the bound solutions. For
each of the solutions, the outer lines show the solutions based on the 90% errors on the
temperature measurements. The vertical dotted line is the relative velocity between
the subclusters, which is also labeled in each panel. There are no bound-outgoing
solutions between A98N and A98S, and there are no bound solutions at all between
A98S and A98SS.
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Rm = 3.90 Mpc, V = 2452 km s
−1. Their BO solution was: χ = 1.58 rad, α = 86◦,
R = 9.51 Mpc, Rm = 18.8 Mpc, V = 541 km s
−1. Rather than use X-ray observa-
tions, they used optical data to determine the mass of the system, and found that
it was 6.6 × 1014 M⊙. They also used optical data to determine the average radial
velocity of each subcluster and found Vr = 539 km s
−1. They used Rp = 740 kpc
and an age of the Universe at z = 0 of 9.8 Gyr (not the age of the Universe at the
redshift of the cluster), which was determined using a q0 = 0, H0 = 100 Mpc km
−1 s−1
cosmology. In contrast, we used a cosmology where H0 = 70 km s
−1, ΩΛ = 0.7, and
ΩM = 0.3. For the A98N-A98S pair, we used Rp = 1058 kpc and Vr = 600 km s
−1.
To determine the probability of each solution, Beers et al. (1982) integrated to deter-
mine the fractional area of the sphere corresponding to each solution. Since the radial
velocity regions for each solution are not equally probable, they assumed a Gaussian
distribution of velocities centered around Vr = 539 km s
−1, integrated, and multiplied
by the fractional areas. They did not analyze the A98S-A98SS pair.
We find that there are no BO solutions for the A98N-A98S pair, and the likeli-
hood that it is bound is 67%. With no BO solutions it is likely that this is the first
encounter between A98N and A98SS. We find no bound solutions for the A98S-A98SS
pair, indicating that it is not gravitationally bound to the A98 system.
4.2 Spectral Analysis
4.2.1 Total X-ray Spectrum
We examined the X-ray spectra of each subcluster to determine the global prop-
erties of the intracluster medium (ICM), using the same regions for both Chandra
and XMM-Newton . These regions were chosen by eye and incorporate the obvious ex-
tended emission. In all cases the absorption was fixed at the weighted average Galactic
value of NH = 3.06×10
20 cm−2 calculated in the Leiden/Argentine/Bonn (LAB) sur-
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vey (Kalberla et al. 2005). Varying the absorption did not significantly improve the
spectral fit in any case. The XSPEC default solar table from Anders & Grevesse
(1989) was used. The results from the spectral fitting are summarized in Table 4.1.
We first fitted each of the subclusters with a single Astrophysical Plasma Emis-
sion Code (APEC) model with the absorption fixed to 3.06 × 1020 cm−2. For the
northern subcluster, this yields a temperature of kT = 3.07± 0.21 keV and an abun-
dance of Z = 0.38+0.12
−0.10 Z⊙. For A98S, we found a temperature of kT = 2.77
+0.22
−0.21 keV
and an abundance of Z = 0.22+0.09
−0.08 Z⊙. In A98SS, the temperature is kT = 2.85
+0.58
−0.55
and the abundance is Z = 0.45+0.43
−0.27. For all three subclusters, the temperatures and
abundances are consistent within the error bars.
We also used a single APEC model with NH allowed to vary. For each subcluster
we performed an F-test to check whether leaving the NH free to vary improved the
results. For A98N and A98SS there was no significant improvement in the fit when
absorption was free to vary. In A98S, the F-test yielded a probability value of ∼ 3%;
however the fit to kT was insensitive to NH and the NH value derived was consistent
with zero. Allowing NH to vary did not give better results. Therefore, throughout
the rest of the paper, we fix NH at the Galactic value.
For the XMM-Newton data, the diffuse X-ray emission was fitted with an APEC
model using χ2-statistics. The temperature and abundance measurements for each
cluster are summarized in Table 4.1. The temperatures for all three subclusters
measured using XMM-Newton are consistent with the temperatures measured using
Chandra, as are the abundance measurements for the three subclusters. Results from
XMM-Newton indicate a higher abundance in A98N as compared with A98S (the
constraints on the abundance for A98SS are poor). Although the measured abun-
dances are within the range reported for clusters and groups (e.g., Maughan et al.
2008), it is possible that the apparent high abundance in A98N is due to the “inverse
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Table 4.1: XSPEC Fits to the Three Subclusters in A98
Subcluster Observatory kT Abundance χ2/dof No. of Counts
(keV) (Z⊙)
A98N Chandra 3.07+0.21
−0.21 0.38
+0.12
−0.10 190/207 = 0.92 7600
A98N XMM-Newton 3.09+0.19
−0.20 0.56
+0.08
−0.09 1866/1912 = 0.98 8300/9200/13500
a
A98S Chandra 2.77+0.22
−0.21 0.22
+0.09
−0.08 306/294 = 1.04 8900
A98S XMM-Newton 3.03+0.37
−0.31 0.27
+0.06
−0.07 598/536 = 1.12 2600/4750/6300
b
A98SS Chandra 2.85+0.58
−0.55 0.45
+0.43
−0.27 44/41 = 1.08 1200
A98SS XMM-Newton 3.07+0.87
−0.06 0.34
+0.38
−0.18 1254/1448 = 0.87 2000/2500
c
aCounts are listed MOS1/MOS2/PN. All data comes from OBSID 0652460201.
bCounts are listed MOS1/MOS2/MOS2. The first two are for OBSID 0652460101, while
the third is for OBSID 0652460201.
cCounts are listed MOS1/MOS2. Both come from OBSID 0652460101.
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Fe bias” (Gastaldello et al. 2010). This effect artificially elevates the abundance mea-
surements when modeling multi-temperature emission from clusters in the tempera-
ture range 2−4 keV with a single temperature model. There were insufficient counts
to constrain multi-temperature emission models.
4.2.2 X-Ray Temperature Map
Figure 4.4 shows the temperature map of A98, which was created with the
column density fixed to NH = 3.06 × 10
20 cm−2. A98N has a cool core with a ring
of warmer gas surrounding it, which is indicative of a cool core cluster. The cool
core gas temperature is kT ∼ 2.3 keV, while the surrounding gas temperature is
kT ∼ 3.6 keV. The errors on the temperature map values are approximately 15-20%
in the brighter regions, and go as high as ∼ 45% in the fainter regions away from the
subcluster cores. The warmer gas appears to be asymmetric, which could indicate the
presence of cooler “sloshed” gas to the north or a merger shock to the south. A98S
has an asymmetric temperature structure, with an area of warmer gas to the west
that is coincident with the WAT AGN. The cooler gas temperature is kT ∼ 2.0 keV,
while the warmer gas temperature is kT ∼ 3.8 keV. The chip containing A98SS
has a low number of counts. Since each region is allowed to grow until it contains
1200 counts, the regions are larger and thus the map is highly smoothed. The low
number of counts also means that it is difficult to see the subcluster’s structure in
the temperature map. There is, however, a large region where the temperature is
kT ∼ 2.7 keV, which is consistent with the temperature of kT = 2.65 keV measured
from extracting the global spectrum for A98SS using the extraction region shown in
Figure 4.1. There does not appear to be a cool core. The features in A98N and A98S
described above will be examined in more detail in §4.3.
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Fig. 4.4: Temperature map of A98 with the scale bar in units of keV. The sub-
clusters’ centers (as listed earlier in the text) are marked by crosses and circled with
the same regions as in Figure 4.1. A98N has a cool core with a ring of warmer gas
surrounding it, particularly to the south, possibly due to shock heated gas. A98S has
an asymmetric temperature structure, with a local temperature minimum to the east
and a local maximum to the west. A98SS is also marked by the circle (using the same
region shown in Figure 4.1).
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4.3 Subcluster Dynamical States and Merger Signatures
4.3.1 A98N
Figure 4.4 shows that A98N has the characteristics of a cool core cluster, but
that the surrounding warmer gas is distributed asymmetrically, consistent with either
cooler core gas displaced to the north by gas sloshing or the presence of a merger shock
to the south. Here, we examine whether the subcluster shows evidence for either of
these scenarios.
We first made a beta-model subtracted Chandra image to search for faint sub-
structure in the diffuse emission, e.g., a gas sloshing spiral or a merger shock, from
A98N. A two-dimensional elliptical beta-model was used to fit the surface bright-
ness of the point source-free 0.3–10 keV image, which was binned by a factor of
four. The model was fitted in Sherpa using Cash statistics, and corrections were
made for exposure using the merged exposure map. A constant background rate of
5.1× 10−8 counts s−1 arcsec−1 was applied. The model was subtracted from the orig-
inal image, leaving the residual image shown in Figure 4.5. The fit was dominated
by emission from the bright core, and the model was not able to describe the fainter
extended emission well. For the purpose of highlighting asymmetries in the central
region, however, the model is useful.
In Figure 4.5, there is a clear surface brightness excess directly south of the sub-
cluster core, which appears to curve clockwise to the north of the core. The curvature
of this surface brightness feature is indicative of a gas sloshing spiral. Such spirals were
originally simulated by Ascasibar & Markevitch (2006). They have been observed
in clusters such as Perseus (Fabian et al. 2003a,b), Virgo (Simionescu et al. 2010),
A496 (Roediger et al. 2012b), A2029 (Clarke et al. 2004a; Paterno-Mahler et al.
2013), A2052 (Blanton et al. 2011), as well as many others (Lagana´ et al. 2010).
For a review, see Markevitch & Vikhlinin (2007). This surface brightness excess is
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Fig. 4.5: Beta model subtracted Chandra image of A98N. The cross marks the center
of the subcluster. There is an asymmetrical surface brightness excess. The surface
brightness excess (labeled S1) is spatially coincident with the hotter gas surrounding
the cool core of A98N, which indicates that it could be a shock. The image has been
smoothed with a circular Gaussian function of FWHM = 20′′. The labeled regions
are described in detail in the text.
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coincident with the warmer gas that surrounds the cluster core seen in Figure 4.4,
however, which is suggestive of a shock.
To determine whether or not the surface brightness excess is a spiral or a shock
(or neither), we used a single APEC model in XSPEC to calculate the temperature in
two wedges in either direction–to the north of the core and to the south of the core.
Figure 4.5 shows the regions used. One of the regions to the south of the core (S1)
contained the surface brightness excess. The gas in the S1 wedge has a temperature
of kT = 4.22+1.48
−0.95 keV. The temperature of the gas in S2 is kT = 3.36
+0.50
−0.40 keV. To the
north, the gas in the N1 wedge has a temperature of kT = 3.28+0.92
−0.63 keV. N1 is at the
same radius as S1. The gas in the N2 wedge has a temperature of kT = 3.36+0.65
−0.48 keV,
which is consistent with the temperature of the gas in S2. The gas in the S1 wedge
is warmer than both the gas in the S2 and N1 wedges at the 1.4σ level, and warmer
than N2 at the 1.3σ level. Since the region with the surface brightness excess has a
higher temperature (albeit at a low significance level) than the three other regions,
which all have comparable temperatures of ∼ 3.3 keV, and the location of the surface
brightness excess is located where one would expect for a leading bow shock due to
a merger with A98S, these results are more consistent with a shock than with a gas
sloshing spiral.
Using the temperature in the S1 wedge and the temperature in the S2 wedge,
we are able to calculate a Mach number for a possible shock occurring in this re-
gion. We find that M = 1.3+0.6
−0.3. While these estimates are very rough, they
are reasonable for a major merger, where Mach values are typically between 1 and
3 (Markevitch & Vikhlinin 2007). If this temperature difference is due to a shock,
then the Mach number given here is a lower limit, since projection effects will decrease
the apparent temperature increase at the shock.
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We also tried to fit both surface brightness and temperature profiles across the
region. We were unable to see an edge in the surface brightness profile. In §4.1,
we calculate that the projection angle of the A98N-A98S system with respect to the
sky is either 67.1◦ or 25.2◦. Since the merger is not in the plane of the sky, the
leading shock front edge will be blurred, making it difficult to detect an edge while
still allowing a potential detection of shock heated gas. We were unable to create a
temperature profile of the region, as there were too few counts.
The potential shock-heated material is ∼ 150 kpc, in projection, from the cluster
core of A98N, significantly closer than A98S, which is at a projected distance of
1.1 Mpc. As mentioned previously, our dynamical analysis suggests that the merger
is not in the plane of the sky, which would increase the actual separation between the
putative shock and the core of A98N (although this also means that A98S is farther
away from the shock). We are unaware of any unambiguous detections of such early
stage merger shocks in the literature that can be compared with our result. Numerical
simulations would be useful to confirm shock formation close to the core in an early
stage merger; however they are beyond the scope of this work.
4.3.2 A98S
Figure 4.4 shows that there is a dual temperature structure in A98S: there is
a cool region to the east and a warmer region to the west. The warmer region is
coincident with the AGN in A98S, which suggests that it could be heating up the
gas via AGN feedback, as discussed in §1.4.2. We examined the two different regions
individually using a single-temperature absorbed APEC model in XSPEC. These
regions were chosen to match the temperature structure in Figure 4.4, and are shown
in Figure 4.7. Including the central point source that corresponds to the AGN in the
analysis yields a temperature of kT = 3.37+0.57
−0.39 keV. If we exclude the central point
source, the temperature of that same region is kT = 3.41+0.65
−0.47 keV. Thus, the central
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AGN does not significantly affect the results of the spectral fits in this region. The
eastern region has a temperature of kT = 2.06+0.28
−0.13 keV, which is cooler than the
western region at the 3σ level.
We also examined the central point source individually, which is expected to
have a non-thermal power-law spectrum. There were approximately 70 counts in the
region of the point source in the 0.6–7 keV energy band, and thus we could not fit
its spectrum to distinguish thermal from non-thermal emission. Assuming that this
central point source is an AGN (which is likely, given that it is at the center of the
WAT), we can make an estimate of the luminosity. We assume a photon index of
Γ = 1.8, which is the photon index seen in 90% of radio-loud AGN (Sambruna et al.
1999). Using WebPIMMS1, we find that the X-ray luminosity of the point source is
9.0 × 1041 erg s−1, which is consistent with the luminosity of a low-luminosity AGN
seen in weak-line radio galaxies (Sambruna et al. 1999).
The two temperature structure observed could be due to the AGN heating up the
gas in the warmer section of the cluster; however, it is more likely that the two distinct
temperatures seen are the result of a merger between two distinct subclusters. There
are two peaks in the surface brightness, which can be seen in Figure 4.1. One of the
peaks is spatially coincident with the AGN, which has an optical galaxy counterpart
with a Sloan Digital Sky Survey (SDSS)-r magnitude of 15.14. This is an SDSSModel
magnitude, as are all other reported SDSS magnitudes. This peak coincides with the
warmer gas, as discussed earlier in this section. The second surface brightness peak
is roughly coincident with an optical galaxy that has an SDSS-r magnitude of 15.74.
The spatial coincidence between the X-ray surface brightness peaks and the optical
galaxies can be seen in Figure 4.6. The next brightest cluster galaxy has an SDSS-r
magnitude of 16.50. The difference of nearly 0.75 mag between the second and third
1http://heasarc.nasa.gov/Tools/w3pimms.html
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Fig. 4.6: X-ray contours from the Chandra data for A98S overlaid on an SDSS-r
image. The two X-ray peaks are roughly spatially coincident with optical galaxies.
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brightest cluster member and the fact that brightest cluster galaxies (BCGs) have a
narrow spread of absolute magnitudes (Sandage 1972) suggest that this second surface
brightness peak is a second BCG from a cluster merger. The photometric redshifts
from SDSS give a line-of-sight velocity difference of ∆v = 300 km s−1 for the two
BCGs, which is reasonable for a recent merger; however the errors are very large: on
the order of ±3000 km s−1. This merger could be causing dynamical heating, leading
to the observed temperature structure. It is also possible that the western subcluster
was more massive, which would make it slightly warmer, or that the eastern subcluster
could have been a cool core cluster, and the core has mostly survived the merger.
4.3.3 A98SS
While there are not enough counts in the region of A98SS to reveal detailed sub-
structure or to map the temperature distribution, Figure 4.1 does show that the gas
distribution is quite diffuse, especially when compared to A98N. All three subclusters
have approximately the same mass (see §4.1) and are all approximately at the same
redshift. If A98SS were a cool core cluster, we would likely be able to see the bright
core, despite the exposure time being half as long as for the other cluster components.
Figure 4.1 shows that A98SS has a disturbed morphology. Our dynamical anal-
ysis (see §4.1) shows, however, that A98SS is not bound to the other two clusters and
thus its morphology cannot be caused by a merger with A98S. Thus, it is possible
that it has recently experienced a roughly 1:1 merger (where both subclusters have
approximately the same mass) and is in the later stages of relaxing. The cluster
member identified by Pinkney et al. (2000) as the BCG has an SDSS-r magnitude of
15.62. The next brightest cluster member has an SDSS-r magnitude of 15.92. It is
possible that this is a second BCG, as after these cluster members the third brightest
member has an SDSS-r magnitude of 16.60. As in A98S, the two potential BCGs
are very close in magnitude, and here, the difference between the second and third
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brightest cluster member is 0.68 mag. Combined with our inability to see a cool core
and the diffuse appearance of A98SS, this suggests that it has recently undergone a
major merger.
4.4 AGN Feedback in A98S
As described in §1.4.2, the AGN jets can evacuate cavities in the ICM. If the
viewing angle is favorable, these cavities can be seen as deficits in the X-ray emis-
sion coincident with the radio lobes of the AGN. Because there is a WAT AGN
in A98S, we searched for cavities in the X-ray. Figure 4.7 shows a beta-model
subtracted residual image of A98S, constructed in the same manner as the beta-
subtracted image for A98N (Figure 4.5). As before, a constant background rate of
5.1 × 10−8 counts s−1 arcsecond−1 was applied. The 1.4 GHz radio contours of the
WAT are overlaid in green, and are from the National Radio Astronomy Observatory
(NRAO) Very Large Array (VLA) Sky Survey (NVSS) (Condon et al. 1998).
There is an apparent surface brightness deficit under the northern radio lobe,
indicating that the AGN is evacuating a cavity in the ICM. There is also a region
of excess surface brightness to the east, coincident with the eastern cold spot seen
in the temperature map, which is most likely the result of a merging subcluster, as
discussed in §4.3.2.
To determine the significance of the surface brightness deficit, we made an az-
imuthal surface brightness profile in the 0.3–10 keV energy band using the regions
shown in Figure 4.8. Point sources were excluded. Angles are measured counter-
clockwise from the wedge marked with the diamond.
Figure 4.9 shows the azimuthal surface brightness profile. The surface brightness
of the ICM that is spatially coincident with the northern radio lobe is systematically
lower than in the other regions of the ICM. The surface brightness spikes at around
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Fig. 4.7: Beta model subtracted Chandra image of A98S with 1.4 GHz NVSS radio
contours of the WAT AGN overlaid in green. There is a surface brightness deficit
under the northern lobe of the AGN, indicating that a cavity has been evacuated.
There is also a surface brightness excess to the east of the AGN, which appears to be
the remnant core of another subcluster from an ongoing merger. The image has been
smoothed with a circular Gaussian function of FWHM = 20′′. The circular regions
labeled “Hot” and “Cool” were used for the spectral fits presented in §4.3.2.
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Fig. 4.8: A lightly smoothed (circular Gaussian function of FWHM = 2.′′5) Chandra
image of A98S with radio contours overlaid in green and the wedges used to make the
azimuthal surface brightness profile overlaid in white. The sections used for binning
are also labeled. Angles are measured counter-clockwise from the wedge marked with
the aqua diamond.
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Fig. 4.9: Azimuthal surface brightness profile of A98S. We have divided the az-
imuthal surface brightness profile into five sections. The section labeled 2 contains
the northern lobe of the WAT and the section labeled 4 contains the southern lobe
of the WAT. Section 3 contains the bright, secondary subcluster core to the east of
the WAT. The surface brightness is systematically lower in the northern lobe than in
the other regions of the ICM. Sections 1 and 5 do not contain any notable features.
These sections are labeled in Figure 4.8. The binned values are shown in red triangles
for reference. The surface brightness decrement in section 2 is between 2− 4σ when
compared to the reference regions.
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170◦ in region 3. This is due to the eastern surface brightness excess seen in Figure 4.7.
We find that the significance of the surface brightness decrement in section 2 is be-
tween 2−4σ. To determine this, we binned all of the points in each section, as labeled
in Figure 4.9 (each point corresponds to a wedge in Figure 4.8). We compared the
surface brightness of section 2 (which contains the decrement) to the surface bright-
ness in sections 1, 4, and 5. The binned points can be seen in Figure 4.9. We did not
use section 3 because of the large surface brightness excess due to the secondary sub-
cluster core. There is no significant decrement coincident with the southern lobe. As
discussed earlier in this chapter, the AGN in A98 is considered a WAT radio source,
despite its straight morphology, and any bending is occurring along the line of sight.
The absence of a surface brightness decrement under the southern lobe is consistent
with this scenario, as the northern jet axis may be close to the plane of the sky, while
the southern jet axis is not. As a result, the southern cavity may be projected onto
brighter emission at smaller physical radii, and would therefore be more difficult to
detect. We also tried azimuthal binning at larger radii (150′′ (290 kpc) < r < 230′′
(450 kpc) as compared to r < 150′′ (290 kpc) for the original binning), to see if the
decrement under the northern lobe was due to the structure of the subcluster, rather
than the AGN. We found that there was no significant difference in surface brightness
in any of the sections.
While jets and lobes (and thus cavities in the ICM) are more commonly seen
in cool core clusters, they have also been seen in clusters that have recently un-
dergone or are currently undergoing mergers. Other examples include Cygnus
A (Wilson et al. 2006; Belsole & Fabian 2007), Abell 1446 (Douglass et al. 2008),
and Abell 562 (Douglass et al. 2011).
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4.5 Filaments and the WHIM
The three subclusters of A98 are aligned in such a way to suggest the presence
of a large-scale filament. In principle, there should be faint X-ray emission associated
with this filament, so we measured the X-ray properties of the connecting region to
determine if there is any evidence of the denser part of the warm-hot ingergalactic
medium (WHIM) that is expected to be found just beyond the cluster outskirts. The
redshifts of the subclusters increase from north to south, indicating that the potential
filament is not in the plane of the sky. The filament connecting the subcluster pairs
(A98N-A98S and A98S-A98SS) is therefore tilted along the line of sight, increasing
the chances of detection. This hottest, densest part of the WHIM was observed in the
cluster pair Abell 222/223 by Werner et al. (2008), which has a similar orientation
to A98. Detections have also been reported in the pair Abell 399/401 using both
X-ray observations (Sakelliou & Ponman 2004) and the thermal Sunyaev-Zel’dovich
(tSZ) effect (Planck Collaboration et al. 2013b), and the pair Abell 3391/3395, using
X-ray observations (Tittley & Henriksen 2001). We searched for excess emission in
the regions connecting A98N-A98S and A98S-A98SS, but were unable to find any in
the latter region, likely due to the short exposure time.
Figure 4.10 shows a highly smoothed, merged Chandra image of the diffuse emis-
sion from A98. There is clearly emission connecting A98N and A98S. To characterize
the significance of this emission, we extracted a surface brightness profile from an E-
W strip (shown in Figure 4.10) across this bridge of emission. This surface brightness
profile is shown in Figure 4.11. There is a clear surface brightness peak at r = 0′′,
which is the center of the bridge region. When binned together, the three central
points are significantly higher at the 6σ level when compared to points 1, 2, and 3
binned together and points 13, 14, and 15 binned together.
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Fig. 4.10: Highly smoothed, binned Chandra image of the diffuse emission in
A98. The image is binned by 4, and smoothed by a circular Gaussian function of
FWHM = 40′′. There is an apparent bridge of emission connecting A98N and A98S.
A98N is elongated in the N-S direction. The white box shows the region used to look
for evidence of extended emission, while the white circles show the extent of r500,
which is the region where the enclosed density is 500 times the critical density of the
Universe. The cross marks the location of r = 0′′ as shown in Figure 4.11.
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Fig. 4.11: Surface brightness profile of the region across the bridge, going E to W
(shown in Figure 4.10). The surface brightness reaches a maximum at r = 0′′, which
corresponds to the center of the bridge region.
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We then tried to fit two elliptical beta models to A98N and A98S simultane-
ously to model the extended emission and identify the bridge in the residual image.
However, as discussed in §4.3.1, we could not find a model that well-described the
extended emission, because it is faint and shows large-scale asymmetry. There is also
a chip gap that runs across the region of interest, giving fewer photons in the region
of interest and making it difficult to fit the emission.
There are several possible explanations for the origin of the apparent bridge seen
in Figure 4.10. The first is that it is emission from the hot, dense, inner part of the
WHIM. Second, it could be caused by the gravitational potential of the filament itself,
which is distorting the gas and pulling it out from the cluster outskirts. Third, this
apparent bridge could be the result of a current or past merger, either in the form
of ram pressure stripped gas or tidal interaction. Finally, it is also possible that the
feature is due to the overlap of the extended atmospheres of the two adjacent clusters.
To distinguish among these scenarios, we compared the profile of this apparent
bridge to the sum of the surface brightness profiles of the extended diffuse emission
of each cluster, measured radially in regions far from the filament. We note that
even if the extended emission of each subcluster were well-described by a single beta
model, we would still expect to see a surface brightness enhancement in the bridge
region due to the overlapping extended atmospheres. By choosing regions away from
the potential overlap and summing them, we are able to search for X-ray emission in
excess of this overlap. The regions used for comparison are shown in Figure 4.12.
Figure 4.13 shows the comparison of the emission in the bridge region compared
with the expectation from the sum of the extended emission from each subcluster.
There is no significant difference between these two profiles, suggesting that the ap-
parent bridge is consistent with arising from the overlap of the extended subcluster
atmospheres.
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Fig. 4.12: The regions used for the surface brightness and temperature measure-
ments. The subdivisions were not included for the temperature measurements. The
”bridge” connects A98N and A98S, while the comparison regions extend radially out-
ward so that we could measure the extended emission of each subcluster independently
of each other.
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Fig. 4.13: Surface brightness profile of the bridge connecting A98N (r = 0′′) to
A98S as compared to the sum of the extended diffuse cluster emission from each
subcluster. There is no significant difference between the sum of the diffuse emission
and the emission from the bridge region.
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We also measured the temperature of the bridge region and the comparison
regions using XSPEC’s C-statistic due to a low number of counts. The temperature
of the bridge region is kT = 2.98+1.11
−0.64 keV(measured with ∼ 550 counts), while the
average temperature of the two reference regions is kT = 2.89+1.46
−0.66 keV reference
region one had ∼ 370 counts and reference region two had ∼ 380 counts). The
temperature measured from the XMM-Newton data for the bridge is 2.88+0.54
−0.38 keV,
which is consistent with the Chandra data (there were 1600 counts from the MOS1
detector and 2900 counts from the MOS2 detector). The measured temperature
of the bridge region is nearly 3 keV, which is significantly hotter than the 0.01–
1.0 keV range of temperatures expected for the WHIM. For comparison, Werner et al.
(2008) find a temperature of kT = 0.91 ± 0.25 keV for the hot, dense part of the
WHIM in Abell 222/223. More counts are needed to fit multiple temperature models
in this region, as we expect emission from both the relatively hot extended cluster
atmospheres and possibly the dense WHIM.
If there is emission from the hot, dense, inner part of the WHIM, then it is
much fainter than the extended cluster emission, as we do not see evidence for it in
Figure 4.13. This could drive the relatively high (for the WHIM) temperature from
the single-temperature fit that we found above. While Figure 4.13 shows no significant
difference between the sum of the diffuse emission away from the bridge region and
emission from the bridge region itself, there is some evidence for tidal disruption of the
extended gas halos of A98N and A98S resulting from an early stage merger between
them. In §4.1 we showed that A98N and A98S are currently interacting. This could
explain the presence of a possible shock or spiral in A98N and the disturbance to the
ICM in A98S. Figure 4.10 shows that A98N has an N-S elongation, and that A98S
is more extended to the north than the south. These features are both consistent
with tidal interaction between A98N and A98S. Fainter emission may still be present,
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but better photon statistics are needed to detect faint emission and constrain multi-
temperature models.
4.6 Conclusions
We have presented both Chandra and XMM-Newton observations of the triple
cluster system A98. The global spectrum of each subcluster is well-described by a sin-
gle APEC model with theNH fixed to the Galactic value determined by Kalberla et al.
(2005). We find that A98N has kT∼ 3.1 keV, with an abundance of Z ∼ 0.40 Z⊙,
A98S has a temperature of kT∼ 2.8 keV and an abundance of Z ∼ 0.20 Z⊙, and
A98SS has a temperature of kT∼ 3.0 keV and an abundance of Z ∼ 0.45 Z⊙. The
results from the Chandra and XMM-Newton data are consistent with each other.
An analysis of the cluster dynamics shows that A98N and A98S have a 67%
chance of being bound, while A98SS is not bound to A98S. Although A98S is domi-
nated by a later-stage merger happening in the east-west direction, there is also some
elongation to the north, which is also shown in Figure 4.10. The north-south elonga-
tion seen in both subclusters could be due to tidal interaction occurring during the
merger. While the X-ray image shows that there is an apparent bridge of emission be-
tween the two subclusters, a detailed surface brightness profile shows that this bridge
is consistent with overlapping extended emission from A98N and A98S. This region is
where we would expect to see the signature of the hottest, densest part of the WHIM.
The measured temperature of this region is high for the WHIM, and consistent with
the temperature of the gas at similar radii outside of the bridge region. A deeper
observation is required to possibly separate the WHIM from the observed emission,
as well as apply a two-temperature model to the X-ray gas in the region of interest.
The dynamical history is very similar to the triple system PLKG214.6+37.0, which
was originally detected using the thermal Sunyaev-Zel’Dovich (tSZ) effect, and then
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observed with XMM-Newton (Planck Collaboration et al. 2013a). In that system, an
apparent bridge is also detected between two subclusters, which is consistent with the
overlapping extended emission from the subclusters. As in A98, the third component
of this system is likely unbound. A98S and A98SS have a disturbed morphology,
indicating that they have both undergone recent mergers. The merger in A98SS is
separate from the merger between A98N and A98S.
A98N shows a clear asymmetry in the surface brightness map (Figure 4.5), and
a possible asymmetry in the temperature distribution (Figure 4.4). For this feature
to be a sloshing spiral, the brighter region is expected to be cooler than the surround-
ing gas, and A98N and A98S would have to have been perturbed by a merger at
least 0.3 Gyr ago (Ascasibar & Markevitch 2006; Johnson et al. 2012). X-ray spec-
tral analysis shows that the surface brightness excess has a warmer temperature at
the 1.4σ level compared to gas at the same radius to the north and compared to the
gas to the south of the excess, where there is no surface brightness excess. While this
is not highly significant, combined with the dynamical history of the cluster (which
suggests that this is the first interaction of A98N and A98S) this feature is consistent
with a shock forming due to the merger between A98N and A98S. The location of the
surface brightness excess (south of A98N, along the merger axis) also suggests that
if this is a shock, it is forming because of the merger. The measured temperatures in
the region of the asymmetry favor the idea that this is a merger bow shock, with a
Mach number of M = 1.3. The dynamical history discussed in §4.1 also favors the
merger shock scenario, as there is no indication that there is a bound-outgoing orbit.
Because there is no BO orbit, it is unlikely that these two subclusters have undergone
a previous encounter. If they had, they would most likely be bound to each other
based on the overdensity collapse model of structure formation.
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A98S is host to a WAT AGN, which is coincident with the warmer part of the
subcluster. The northern lobe of this AGN is evacuating a cavity in the ICM, causing
a significant surface brightness decrement. Although there are a few examples of
cavities in non-cool core clusters, they are relatively rare.
Figure 4.1 shows that both A98S and A98SS have a disturbed morphology.
The temperature map (Figure 4.4) shows that A98S also has a dual temperature
structure, which is confirmed via spectroscopic measurements of the two distinct
temperature regions. The optical data for both of these clusters reveals the presence
of two dominant galaxies, consistent with the interpretation that these subclusters
are experiencing ongoing or late stage mergers.
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Chapter 5
The High-Redshift Clusters Occupied by
Bent Radio AGN (COBRA) Survey
Using the Faint Images of the Radio Sky at Twenty-centimeters (FIRST) sur-
vey (Becker et al. 1995), Wing & Blanton (2011) created four samples of radio sources
and examined their optical environments. For more detail on the FIRST survey, see
§2.2. Each sample created by Wing & Blanton (2011) consisted of a unique selec-
tion criterion: visual-bent, auto-bent, straight, and single-component. These samples
were then cross-correlated with the Sloan Digital Sky Survey (SDSS) to find optical
matches with known redshifts (spectroscopic or photometric). Sources without opti-
cal matches are likely to have z > 0.7 and form the high-redshift Clusters Occupied by
Bent Radio Active Galactic Nuclei (AGN) (COBRA) sample. The visual-bent sample
was compiled by visually examining a sample of∼ 32, 000 multiple-component sources
from the 1997 April release of the FIRST catalog (Blanton 2000). The sources in the
visual-bent sample have two or more radio components. From this, 384 sources were
identified as bent, double-lobed sources and 272 had unique matches in the SDSS.
The auto-bent sample was created by using a pattern recognition program (Proctor
2006) to identify bent, double-lobed sources over the entire FIRST catalog (as of
2003 April). The sources in the auto-bent sample all contain three radio components
(nominally a core and two lobes). The central component of these automatically
detected sources is defined as the component opposite the longest side when making
a triangle of the three components. This sample contains 599 sources with unique
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SDSS matches out of a total 1546. The straight sample consists of all of the straight,
three-component sources in the FIRST survey region. The distance between com-
ponents is limited to 57.′′6. Sources that are considered bent have an opening angle
less than 160◦, while the straight sources have an opening angle greater than 160◦.
There are 1288 sources in this sample detected in the SDSS out of a total 3232.
The single-component sample acts as a control. If bent, double-lobed radio sources
are preferentially associated with galaxy clusters, then the single-component sample
should be associated with clusters at a lower rate than the bent sample. The 782
sources in the single-component sample were randomly selected from the FIRST cat-
alog and have no other radio source within 60′′. They also have matches in the SDSS.
Wing & Blanton (2011) cross-correlated their samples of radio sources with SDSS
to examine their optical environments. They found that the visual-bent sample was
associated with clusters or groups with 20 or more member galaxies within a 1 Mpc
radius of the radio source with an absolute r -magnitude brighter thanMr = −19, cor-
rected for background counts, 78% of the time. The association rate drops to 59% for
the auto-bent sample, 43% for the straight sample, and 29% for the single-component
sample. If we only include richer systems with 40 or more member galaxies, the asso-
ciation rates are 62% for the visual-bent sample, 41% for the auto-bent sample, 24%
for the straight sample, and 10% for the single-component sample.
From the original Wing & Blanton (2011) sample, we identified 653 bent, double-
lobed radio sources (including sources from the visual- and auto-bent samples) that
did not have detected optical, elliptical galaxy hosts in the SDSS in the r-band to
the limit of mr = 22 or were detected as blue quasar-like objects and have a known
spectroscopic redshift z > 0.7. All of the bent, double-lobed radio sources that had
matches in SDSS consistent with elliptical galaxies found by Wing & Blanton (2011)
have redshift z < 0.7. Since the detection limit of SDSS used in Wing & Blanton
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(2011) is mr = 22, any radio sources in the sample of 653 non-detections with coun-
terparts consistent with elliptical galaxies must be fainter than mr = 22. Thus, the
radio sources without known optical identifications are most likely at high redshift,
with z > 0.7. There are 33 blue, quasar-like objects in the sample and 620 candidates
without an optical host. Of these 653 sources, 646 were successfully observed in the
infrared in our Spitzer snapshot program: 511 were observed only at 3.6 µm, and 135
(including the 33 quasars) were observed at both 3.6 µm and 4.5 µm. Together, these
646 sources make up the high-redshift portion of the COBRA survey; the sources
detected in Wing & Blanton (2011) make up the low-redshift portion.
In this chapter we present the initial results of the survey.
5.1 Mean Background Counts
In order to determine how overdense our fields are, we needed to define a back-
ground with which we could compare our results. To determine the mean background
counts, we used the Spitzer United Kingdom Infrared Telescope (UKIRT) Infrared
Deep Sky Survey (UKIDDS) Ultra Deep Survey (SpUDS) (PI: J. Dunlop). SpUDS
covers the same approximately one square-degree patch of sky that the UKIDDS Ul-
tra Deep Survey does, and consists of deep Infrared Array Camera (IRAC) and 24 µm
Multiband Imaging Photometer for Spitzer (MIPS) observations. We performed the
same source extraction as described in §2.3.1 on the final 3.6 µm SpUDS mosaics to
ensure consistency in our analyses.
The SpUDS field is much deeper than our COBRA fields, so we first needed
to determine the magnitude limit. To do this, we compared the number of detected
sources per square arcminute per magnitude bin in the 613 one-arcminute radius
regions in the non-quasar COBRA fields with 613 non-overlapping regions with a one
arcminute radius in the SpUDS field. We compared the magnitudes determined using
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SExtractor’s automatic aperture photometry routine1 (MAG AUTO). This routine
is intended to give the most precise estimates of total magnitude for galaxies. It
defines an elliptical aperture whose ellipticity and position angle are defined by the
second order moments of the object’s light distribution. Within the aperture, the
first moment,
r1 =
ΣrI(r)
ΣI(r)
, (5.1)
is computed. The 613 one-arcminute radius regions superposed on the SpUDS field
are shown Figure 5.1.
Figure 5.2 shows the comparison between the number of counts in each magni-
tude bin for the COBRA and SpUDS fields. The two fields track in magnitude to a
conservative limit of 22, so in all analysis that follows we restrict the source catalogs
to objects that have magnitudes brighter than 22 in the 3.6 µm band.
With the limiting magnitude established, we determined the mean background
surface count density. To do this, we counted up all of the sources in the SExtractor
catalog within each one arcminute region. Assuming stars are uniformly distributed,
they will subtract off and so we did not make any cuts based on SExtractor’s clas-
sification schema. We also avoided areas of the SpUDS field with bright foreground
stars, as seen in Figure 5.1. To find the mean, we fitted a Gaussian to the lower half of
the distribution of the percent of SpUDS fields with specific surface densities (dashed
red line in Figure 5.3), following the method described in Galametz et al. (2012). We
iteratively clipped at 0.5σ. We only fitted to the lower half to avoid including any
large-scale clustering that is likely to occur in such a large field-of-view. We find
that the average background surface density is 11.05 sources arcmin−2 (34.70 counts
per one arcminute radius region) with a standard deviation of 2.12 sources arcmin−2
(6.67 sources per one arcminute radius region). We performed a similar analysis on
1SExtractor User’s Manual, v2.13
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Fig. 5.1: The SpUDS field with 613 regions of one arcminute radius overlaid. Areas
where bright foreground objects could possibly contaminate the source list were not
included.
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Fig. 5.2: Number counts per square arcminute per magnitude for both the COBRA
(solid black) and SpUDS (dashed blue) fields. The vertical dotted line shows the
conservative magnitude limit of 22 mag.
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the SpUDS fields with fields two arcminutes in radius. Using 152 two arcminute fields
we find a mean background surface density of 11.09 sources arcmin−2 (139.41 sources
per two arcminute radius region) and a standard deviation of 1.46 sources arcmin−2
(18.40 sources per two arcminute radius region).
5.2 Cluster Candidates
To determine how many of the radio sources were in potential clusters, we
counted the number of sources in the Spitzer 3.6 µm images within a radius of one
arcminute centered on the radio source. We also counted the number of sources
within a two arcminute radius. At a redshift of z = 1, one arcminute corresponds
to 500 kpc. The histogram comparing the one arcminute COBRA fields to the one
arcminute SpUDS fields is shown in Figure 5.3, and the histogram comparing the two
arcminute COBRA fields to the two arcminute SpUDS fields is shown in Figure 5.4.
These histograms show the percentage of fields that have a certain number of counts
in the region as compared to the Gaussian fit to the background field.
For us to consider a radio source as part of a cluster in this work, the field must
have an overdensity of 10 sources within one arcminute or an overdensity of 20 sources
within two arcminutes. There are 147 fields with overdensities by both definitions, 64
fields with overdensities within one arcminute only, and 71 fields with overdensities
within two arcminutes only. Together, there are 282 fields that have either the 10
object excess within one arcminute or the 20 object excess within two arcminutes
(or both), giving a cluster association rate of 44%. It is possible that some of the
radio sources are in cluster outskirts, which is why some of the fields might have an
overdensity in two arcminutes but not in one. The results are shown in Table 5.1. We
calculated the significance of the overdensities two ways. First, we assumed Poisson
statistics, including the counts in the field surrounding each radio source and the
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Fig. 5.3: Histogram of the percentage of fields having a given number of sources
in a one arcminute radius region. The solid black histogram shows results from the
COBRA fields, while the dashed red line shows results from the 613 regions in the
SpUDS field. The red line with the long-short dash pattern shows the Gaussian fit
described in §5.1. The solid, red vertical line shows the mean of the Gaussian fit, and
the dotted, red vertical line marks an excess of 10 sources above the mean, which
corresponds to an overdensity of 1.5σ.
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Fig. 5.4: Histogram of the percentage of sources in a two arcminute radius region.
The solid black histogram shows results from the COBRA fields, while the dashed
red line shows results from the 152 regions in the SpUDS field. The red line with
the long-short dash pattern shows the Gaussian fit described in §5.1. The solid, red
vertical line shows the mean of the Gaussian fit, and the dotted, red vertical line
marks an excess of 20 sources, which corresponds to an overdensity of 1.1σ.
107
background counts as determined from the SpUDS field, and calculated a standard
signal-to-noise with the following equation (columns 6 and 9 in Table 5.1):
S
N
=
∆N√
∆N + A (1 + A/Abkg)Σavg
. (5.2)
In Equation 5.2, ∆N is the number of detected sources above the mean background,
A is the area of the COBRA field in which sources were counted, Abkg is the area of the
entire SpUDS field within which sources were counted, and Σavg is the average surface
density of the SpUDS field. Second, we use the sources detected around each radio
source and the one-sigma variance of the Gaussian fit to determine the significance
(columns 7 and 10 in Table 5.1) using the following equation:
S
N
=
∆N
σSpUDS
. (5.3)
This is just the number of detected sources above background divided by the standard
deviation of the Gaussian fit.
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Table 5.1: COBRA Counts Above Background
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
3.6 µm Only
J002211.9-095013 00 22 11.91 -09 50 13.4 54.8 · · · · · · -1.705 -0.297 -0.256 -4.413 -0.379 -0.240
J003225.8-110852 00 32 25.81 -11 08 52.6 55.8 · · · · · · -6.705 -1.266 -1.006 -23.413 -2.165 -1.272
J012058.9+002140 01 20 58.94 +00 21 40.7 43.9 · · · · · · 30.295 3.756 4.545 27.587 2.129 1.499
J014147.2-092812 01 41 47.24 -09 28 12.8 4.6 · · · · · · 9.295 1.400 1.394 25.587 1.986 1.391
J014339.2-011749 01 43 39.24 -01 17 49.6 59.5 · · · · · · -8.705 -1.705 -1.306 -37.413 -3.688 -2.033
J014741.6-004706 01 47 41.67 -00 47 6.6 25.9 · · · · · · 15.295 2.162 2.294 29.587 2.270 1.608
J015313.0-001018 01 53 13.05 -00 10 18.9 13.9 · · · · · · -0.705 -0.121 -0.106 -14.413 -1.284 -0.783
J015955.6-012000 01 59 55.65 -01 20 0.2 19.8 · · · · · · 5.295 0.837 0.794 2.587 0.216 0.141
J020823.8-011536 02 08 23.84 -01 15 36.5 12.5 · · · · · · 7.295 1.125 1.094 28.587 2.200 1.554
J022214.9+003409 02 22 14.98 +00 34 9.1 20.7 · · · · · · -4.705 -0.858 -0.706 5.587 0.463 0.304
J022528.7-003424 02 25 28.78 -00 34 24.4 4.2 · · · · · · -2.705 -0.478 -0.406 2.587 0.216 0.141
J024420.9-083957 02 44 20.97 -08 39 58.0 17.3 · · · · · · 0.295 0.050 0.044 -11.413 -1.005 -0.620
J024453.7-011001 02 44 53.76 -01 10 1.4 11.3 · · · · · · 3.295 0.534 0.494 -8.413 -0.732 -0.457
J024639.2-064201 02 46 39.21 -06 42 1.8 32.2 · · · · · · -2.705 -0.478 -0.406 -26.413 -2.475 -1.436
J025059.6+001241 02 50 59.68 +00 12 41.8 231.1 · · · · · · 23.295 3.057 3.494 27.587 2.129 1.499
J025341.6-073908 02 53 41.64 -07 39 8.2 60.7 · · · · · · -5.705 -1.058 -0.856 -29.413 -2.793 -1.599
J031035.5+003429 03 10 35.52 +00 34 29.4 18.4 · · · · · · 5.295 0.837 0.794 15.587 1.248 0.847
J031807.2+002133 03 18 7.21 +00 21 33.4 18.1 · · · · · · 1.295 0.216 0.194 -9.413 -0.823 -0.512
J072005.7+292538 07 20 5.70 +29 25 38.0 32.5 · · · · · · 8.295 1.264 1.244 32.587 2.478 1.771
J072116.9+374310 07 21 16.93 +37 43 10.7 60.1 · · · · · · 11.295 1.664 1.694 15.587 1.248 0.847
J072808.7+350636 07 28 8.79 +35 06 36.2 184.8 · · · · · · 1.295 0.216 0.194 9.587 0.783 0.521
J072854.1+443446 07 28 54.12 +44 34 46.7 16.8 · · · · · · -6.705 -1.266 -1.006 -14.413 -1.284 -0.783
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J073238.4+354137 07 32 38.44 +35 41 37.8 16.0 · · · · · · 8.295 1.264 1.244 23.587 1.842 1.282
J073734.1+365124 07 37 34.19 +36 51 24.3 25.6 · · · · · · 26.295 3.365 3.945 47.587 3.471 2.586
J074025.5+485124 07 40 25.54 +48 51 24.7 15.5 · · · · · · 28.295 3.563 4.245 33.587 2.547 1.825
J074040.2+302523 07 40 40.24 +30 25 23.4 14.2 · · · · · · 12.295 1.792 1.844 57.587 4.093 3.130
J074054.3+162650 07 40 54.39 +16 26 50.4 48.0 · · · · · · 22.295 2.952 3.344 36.587 2.751 1.988
J074410.9+274011 07 44 10.96 +27 40 11.1 5.7 · · · · · · 29.295 3.660 4.395 52.587 3.786 2.858
J074527.0+505317 07 45 27.03 +50 53 17.6 79.4 · · · · · · 14.295 2.041 2.144 19.587 1.549 1.064
J075135.7+413601 07 51 35.71 +41 36 1.8 15.4 · · · · · · 9.295 1.400 1.394 5.587 0.463 0.304
J075348.3+371101 07 53 48.36 +37 11 1.2 28.5 · · · · · · 4.295 0.687 0.644 42.587 3.149 2.314
J075516.6+171457 07 55 16.64 +17 14 57.7 33.5 · · · · · · 26.295 3.365 3.945 75.587 5.144 4.108
J075637.9+274941 07 56 37.95 +27 49 41.7 102.1 · · · · · · 10.295 1.534 1.544 39.587 2.951 2.151
J080100.8+145418 08 01 0.80 +14 54 18.2 17.3 · · · · · · 14.295 2.041 2.144 16.587 1.324 0.901
J080442.6+465744 08 04 42.67 +46 57 44.0 63.4 · · · · · · -6.705 -1.266 -1.006 1.587 0.133 0.086
J080923.8+432427 08 09 23.90 +43 24 28.0 11.9 · · · · · · 0.295 0.050 0.044 23.587 1.842 1.282
J080924.2+275714 08 09 24.22 +27 57 14.7 23.0 · · · · · · -4.705 -0.858 -0.706 -6.413 -0.554 -0.349
J081114.0+120100 08 11 14.01 +12 01 0.7 186.3 · · · · · · 3.295 0.534 0.494 27.587 2.129 1.499
J081358.9+294145 08 13 58.99 +29 41 45.5 11.8 · · · · · · -13.705 -2.987 -2.056 -33.413 -3.231 -1.816
J081431.8+505932 08 14 31.80 +50 59 32.1 83.7 · · · · · · 20.295 2.735 3.044 39.587 2.951 2.151
J081556.5+520651 08 15 56.51 +52 06 52.0 12.3 · · · · · · 19.295 2.624 2.894 50.587 3.661 2.749
J081600.8+253647 08 16 0.88 +25 36 47.4 15.8 · · · · · · -1.705 -0.297 -0.256 1.587 0.133 0.086
J081708.2+222417 08 17 8.25 +22 24 17.6 20.0 · · · · · · 35.295 4.217 5.295 103.587 6.633 5.630
J081714.3+540851 08 17 14.33 +54 08 51.9 55.5 · · · · · · 14.295 2.041 2.144 38.587 2.885 2.097
J081741.9+292320 08 17 41.93 +29 23 20.4 14.4 · · · · · · 8.295 1.264 1.244 29.587 2.270 1.608
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J081754.6+353531 08 17 54.63 +35 35 31.3 15.1 · · · · · · 12.295 1.792 1.844 21.587 1.696 1.173
J081945.9+323233 08 19 45.95 +32 32 33.6 30.9 · · · · · · 6.295 0.982 0.944 9.587 0.783 0.521
J082029.6+082929 08 20 29.62 +08 29 29.1 15.4 · · · · · · 11.295 1.664 1.694 25.587 1.986 1.391
J082059.1+415109 08 20 59.18 +41 51 9.3 32.7 · · · · · · 6.295 0.982 0.944 -4.413 -0.379 -0.240
J082122.9+184647 08 21 22.94 +18 46 47.1 24.4 · · · · · · 4.295 0.687 0.644 6.587 0.543 0.358
J082231.2+291137 08 22 31.25 +29 11 37.1 7.5 · · · · · · 22.295 2.952 3.344 35.587 2.683 1.934
J082236.8+511229 08 22 36.87 +51 12 29.6 1258.0 · · · · · · 2.295 0.377 0.344 -9.413 -0.823 -0.512
J082317.8+033006 08 23 17.86 +03 30 6.4 71.1 · · · · · · 9.295 1.400 1.394 26.587 2.058 1.445
J082534.2+035952 08 25 34.26 +03 59 52.9 21.0 · · · · · · 19.295 2.624 2.894 41.587 3.083 2.260
J082725.8+233442 08 27 25.89 +23 34 42.2 49.3 · · · · · · -8.705 -1.705 -1.306 -30.413 -2.901 -1.653
J082817.4+135103 08 28 17.40 +13 51 3.2 20.3 · · · · · · 11.295 1.664 1.694 14.587 1.172 0.793
J082935.1+270854 08 29 35.16 +27 08 54.9 10.6 · · · · · · 18.295 2.512 2.744 21.587 1.696 1.173
J083348.5+010005 08 33 48.56 +01 00 5.7 27.0 · · · · · · 7.295 1.125 1.094 0.587 0.049 0.032
J083558.0+224430 08 35 58.07 +22 44 30.1 23.4 · · · · · · 4.295 0.687 0.644 16.587 1.324 0.901
J083734.9+602045 08 37 34.97 +60 20 45.5 10.3 · · · · · · 3.295 0.534 0.494 20.587 1.623 1.119
J083920.0+064234 08 39 20.08 +06 42 34.9 13.9 · · · · · · -3.705 -0.665 -0.556 7.587 0.624 0.412
J084053.6+355910 08 40 53.62 +35 59 10.7 15.9 · · · · · · -5.705 -1.058 -0.856 -7.413 -0.643 -0.403
J084150.1+484503 08 41 50.13 +48 45 3.8 9.2 · · · · · · -3.705 -0.665 -0.556 -27.413 -2.580 -1.490
J084352.5+270109 08 43 52.51 +27 01 9.6 32.7 · · · · · · 13.295 1.918 1.994 40.587 3.017 2.206
J084408.2+000042 08 44 8.22 +00 00 42.5 11.0 · · · · · · 15.295 2.162 2.294 44.587 3.279 2.423
J084509.9+315341 08 45 9.91 +31 53 41.1 14.1 · · · · · · 16.295 2.281 2.444 30.587 2.340 1.662
J084552.4+250747 08 45 52.40 +25 07 47.0 8.6 · · · · · · -2.705 -0.478 -0.406 23.587 1.842 1.282
J084559.5+223103 08 45 59.52 +22 31 3.0 33.1 · · · · · · 5.295 0.837 0.794 17.587 1.400 0.956
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J084950.7+044100 08 49 50.79 +04 41 0.1 14.2 · · · · · · 21.295 2.844 3.194 41.587 3.083 2.260
J085034.9+403040 08 50 34.91 +40 30 40.7 52.0 · · · · · · -3.705 -0.665 -0.556 -22.413 -2.064 -1.218
J085109.6+462723 08 51 9.61 +46 27 24.0 5.3 · · · · · · 1.295 0.216 0.194 7.587 0.624 0.412
J085410.6+004448 08 54 10.68 +00 44 48.2 42.1 · · · · · · 1.295 0.216 0.194 18.587 1.474 1.010
J085629.0+002012 08 56 29.03 +00 20 12.8 7.3 · · · · · · -1.705 -0.297 -0.256 -1.413 -0.120 -0.077
J085805.4+582750 08 58 5.46 +58 27 50.9 20.8 · · · · · · 11.295 1.664 1.694 19.587 1.549 1.064
J090106.5+295820 09 01 6.54 +29 58 20.9 10.1 · · · · · · 0.295 0.050 0.044 -8.413 -0.732 -0.457
J090109.5+451809 09 01 9.57 +45 18 9.7 107.7 · · · · · · 11.295 1.664 1.694 33.587 2.547 1.825
J090119.8+395408 09 01 19.88 +39 54 8.1 17.1 · · · · · · 11.295 1.664 1.694 11.587 0.940 0.630
J090121.2+605237 09 01 21.27 +60 52 37.6 17.1 · · · · · · 6.295 0.982 0.944 2.587 0.216 0.141
J090210.2+522940 09 02 10.30 +52 29 41.0 12.6 · · · · · · 4.295 0.687 0.644 -8.413 -0.732 -0.457
J090231.5+334733 09 02 31.53 +33 47 33.5 23.4 · · · · · · 15.295 2.162 2.294 18.587 1.474 1.010
J090451.7+380447 09 04 51.76 +38 04 47.5 10.5 · · · · · · 7.295 1.125 1.094 15.587 1.248 0.847
J090515.1+265000 09 05 15.15 +26 50 0.2 14.9 · · · · · · 23.295 3.057 3.494 26.587 2.058 1.445
J090638.1+064521 09 06 38.13 +06 45 21.7 104.2 · · · · · · 4.295 0.687 0.644 0.587 0.049 0.032
J090716.9+121904 09 07 16.98 +12 19 5.0 38.2 · · · · · · 11.295 1.664 1.694 -0.413 -0.035 -0.022
J090742.6+165001 09 07 42.62 +16 50 1.9 6.2 · · · · · · -1.705 -0.297 -0.256 2.587 0.216 0.141
J091047.9+165537 09 10 47.91 +16 55 37.4 10.2 · · · · · · -3.705 -0.665 -0.556 2.587 0.216 0.141
J091133.7+500451 09 11 33.76 +50 04 51.5 28.1 · · · · · · -5.705 -1.058 -0.856 -31.413 -3.010 -1.707
J091607.9+584439 09 16 7.98 +58 44 39.3 871.0 · · · · · · -2.705 -0.478 -0.406 -26.413 -2.475 -1.436
J091854.3+020352 09 18 54.38 +02 03 52.6 23.2 · · · · · · 5.295 0.837 0.794 12.587 1.018 0.684
J091934.6+280054 09 19 34.64 +28 00 54.9 20.6 · · · · · · 12.295 1.792 1.844 34.587 2.615 1.880
J092256.8+250124 09 22 56.86 +25 01 24.9 24.3 · · · · · · 8.295 1.264 1.244 41.587 3.083 2.260
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J092305.0+275832 09 23 5.06 +27 58 32.0 38.4 · · · · · · 20.295 2.735 3.044 49.587 3.598 2.695
J092346.5+361404 09 23 46.56 +36 14 4.4 82.4 · · · · · · -9.705 -1.939 -1.456 -8.413 -0.732 -0.457
J092417.2+124713 09 24 17.20 +12 47 13.0 10.3 · · · · · · 14.295 2.041 2.144 34.587 2.615 1.880
J092512.3+224232 09 25 12.37 +22 42 32.1 16.3 · · · · · · -4.705 -0.858 -0.706 -24.413 -2.267 -1.327
J092629.4+431213 09 26 29.50 +43 12 13.7 19.9 · · · · · · 4.295 0.687 0.644 9.587 0.783 0.521
J092632.6+090437 09 26 32.69 +09 04 37.7 18.4 · · · · · · 2.295 0.377 0.344 9.587 0.783 0.521
J092650.0+061102 09 26 50.02 +06 11 2.0 34.7 · · · · · · 1.295 0.216 0.194 29.587 2.270 1.608
J092751.1+504230 09 27 51.10 +50 42 30.9 6.3 · · · · · · -4.705 -0.858 -0.706 -2.413 -0.205 -0.131
J092849.8+094242 09 28 49.90 +09 42 42.7 11.2 · · · · · · 22.295 2.952 3.344 32.587 2.478 1.771
J093000.1+005415 09 30 0.18 +00 54 15.6 12.0 · · · · · · -1.705 -0.297 -0.256 12.587 1.018 0.684
J093023.2+484723 09 30 23.25 +48 47 23.9 24.6 · · · · · · -5.705 -1.058 -0.856 -20.413 -1.864 -1.109
J093040.6+054205 09 30 40.67 +05 42 5.5 16.0 · · · · · · 18.295 2.512 2.744 16.587 1.324 0.901
J093042.6+055525 09 30 42.69 +05 55 25.9 15.2 · · · · · · 30.295 3.756 4.545 47.587 3.471 2.586
J093043.2+511241 09 30 43.21 +51 12 41.8 22.0 · · · · · · -4.705 -0.858 -0.706 -15.413 -1.379 -0.838
J093051.3+505841 09 30 51.36 +50 58 41.8 20.7 · · · · · · 0.295 0.050 0.044 15.587 1.248 0.847
J093058.1+451220 09 30 58.15 +45 12 20.5 12.5 · · · · · · 4.295 0.687 0.644 13.587 1.095 0.738
J093233.5+024854 09 32 33.60 +02 48 54.9 30.3 · · · · · · 33.295 4.036 4.995 46.587 3.408 2.532
J093247.3+351501 09 32 47.35 +35 15 1.4 87.5 · · · · · · -1.705 -0.297 -0.256 -27.413 -2.580 -1.490
J093301.3+133937 09 33 1.38 +13 39 37.5 25.3 · · · · · · 19.295 2.624 2.894 40.587 3.017 2.206
J093305.0+483224 09 33 5.05 +48 32 24.4 53.2 · · · · · · 2.295 0.377 0.344 10.587 0.862 0.575
J093515.8+285326 09 35 15.89 +28 53 26.3 14.7 · · · · · · -0.705 -0.121 -0.106 -3.413 -0.292 -0.186
J093643.5+560519 09 36 43.53 +56 05 19.9 79.1 · · · · · · 5.295 0.837 0.794 10.587 0.862 0.575
J093726.6+365550 09 37 26.63 +36 55 50.0 17.2 · · · · · · 15.295 2.162 2.294 45.587 3.343 2.478
113
Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J093854.4+583912 09 38 54.42 +58 39 12.1 16.9 · · · · · · 11.295 1.664 1.694 9.587 0.783 0.521
J093949.1-021426 09 39 49.12 -02 14 26.6 14.9 · · · · · · 16.295 2.281 2.444 39.587 2.951 2.151
J094030.2+085504 09 40 30.29 +08 55 4.9 30.2 · · · · · · 7.295 1.125 1.094 -7.413 -0.643 -0.403
J094049.1+370624 09 40 49.18 +37 06 24.2 26.2 · · · · · · 5.295 0.837 0.794 11.587 0.940 0.630
J094141.9+081411 09 41 41.98 +08 14 11.4 35.7 · · · · · · 4.295 0.687 0.644 -4.413 -0.379 -0.240
J094209.0+305716 09 42 9.07 +30 57 16.1 25.7 · · · · · · 11.295 1.664 1.694 28.587 2.200 1.554
J094645.7+591707 09 46 45.71 +59 17 7.9 27.8 · · · · · · 5.295 0.837 0.794 9.587 0.783 0.521
J094647.3+181548 09 46 47.33 +18 15 48.2 35.0 · · · · · · 14.295 2.041 2.144 47.587 3.471 2.586
J094946.0-013334 09 49 46.07 -01 33 34.7 22.6 · · · · · · 14.295 2.041 2.144 39.587 2.951 2.151
J095103.5+151550 09 51 3.59 +15 15 50.6 115.3 · · · · · · 1.295 0.216 0.194 -13.413 -1.191 -0.729
J095510.0+054556 09 55 10.00 +05 45 56.7 11.4 · · · · · · -4.705 -0.858 -0.706 3.587 0.299 0.195
J095519.1+161708 09 55 19.19 +16 17 8.9 10.4 · · · · · · 14.295 2.041 2.144 2.587 0.216 0.141
J095536.0+330635 09 55 36.01 +33 06 35.7 14.7 · · · · · · 10.295 1.534 1.544 13.587 1.095 0.738
J095800.0+315020 09 58 0.08 +31 50 20.9 388.1 · · · · · · 4.295 0.687 0.644 2.587 0.216 0.141
J100110.8+105708 10 01 10.85 +10 57 8.1 25.5 · · · · · · 5.295 0.837 0.794 -22.413 -2.064 -1.218
J100138.2+210958 10 01 38.22 +21 09 58.0 61.1 · · · · · · -4.705 -0.858 -0.706 -23.413 -2.165 -1.272
J100204.4+602020 10 02 4.48 +60 20 20.1 60.9 · · · · · · 34.295 4.127 5.145 59.587 4.214 3.238
J100228.3-005627 10 02 28.34 -00 56 27.8 7.2 · · · · · · 9.295 1.400 1.394 19.587 1.549 1.064
J100228.3+273606 10 02 28.38 +27 36 6.1 7.0 · · · · · · -1.705 -0.297 -0.256 -3.413 -0.292 -0.186
J100328.2+124617 10 03 28.28 +12 46 17.0 7.0 · · · · · · 10.295 1.534 1.544 35.587 2.683 1.934
J100644.1+142620 10 06 44.13 +14 26 20.8 28.3 · · · · · · -6.705 -1.266 -1.006 -24.413 -2.267 -1.327
J100649.4+142354 10 06 49.42 +14 23 54.5 272.4 · · · · · · -6.705 -1.266 -1.006 -12.413 -1.098 -0.675
J100704.3+332240 10 07 4.35 +33 22 40.0 9.4 · · · · · · 7.295 1.125 1.094 8.587 0.704 0.467
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J100708.8+053017 10 07 8.85 +05 30 17.7 58.9 · · · · · · -0.705 -0.121 -0.106 -3.413 -0.292 -0.186
J100828.1+313837 10 08 28.11 +31 38 37.1 28.6 · · · · · · 7.295 1.125 1.094 22.587 1.770 1.228
J100926.3+281758 10 09 26.31 +28 17 58.7 57.0 · · · · · · 12.295 1.792 1.844 44.587 3.279 2.423
J101719.4+622245 10 17 19.42 +62 22 45.9 126.1 · · · · · · 13.295 1.918 1.994 18.587 1.474 1.010
J101800.0+123109 10 18 0.07 +12 31 9.3 66.3 · · · · · · -1.705 -0.297 -0.256 18.587 1.474 1.010
J101901.1+293304 10 19 1.14 +29 33 4.9 36.4 · · · · · · -5.705 -1.058 -0.856 -1.413 -0.120 -0.077
J102156.0+042651 10 21 56.03 +04 26 51.7 23.3 · · · · · · 6.295 0.982 0.944 6.587 0.543 0.358
J102722.4+520758 10 27 22.47 +52 07 58.3 7.7 · · · · · · 5.295 0.837 0.794 1.587 0.133 0.086
J102743.2+483146 10 27 43.21 +48 31 46.5 7.6 · · · · · · 26.295 3.365 3.945 56.587 4.033 3.075
J102756.9-031317 10 27 56.95 -03 13 17.7 30.7 · · · · · · 8.295 1.264 1.244 -1.413 -0.120 -0.077
J102802.0+602424 10 28 2.08 +60 24 24.5 15.3 · · · · · · 14.295 2.041 2.144 18.587 1.474 1.010
J103053.3+284247 10 30 53.35 +28 42 47.8 18.2 · · · · · · 2.295 0.377 0.344 -27.413 -2.580 -1.490
J103110.1+293152 10 31 10.11 +29 31 52.4 36.4 · · · · · · -2.705 -0.478 -0.406 -16.413 -1.474 -0.892
J103322.8+462018 10 33 22.89 +46 20 19.0 14.9 · · · · · · -0.705 -0.121 -0.106 -3.413 -0.292 -0.186
J103341.1+152432 10 33 41.15 +15 24 33.0 25.2 · · · · · · 15.295 2.162 2.294 29.587 2.270 1.608
J103424.6+253151 10 34 24.62 +25 31 51.9 91.9 · · · · · · -0.705 -0.121 -0.106 21.587 1.696 1.173
J103434.2+310352 10 34 34.25 +31 03 52.1 429.3 · · · · · · 21.295 2.844 3.194 50.587 3.661 2.749
J103442.0+123810 10 34 42.08 +12 38 10.4 7.7 · · · · · · -5.705 -1.058 -0.856 9.587 0.783 0.521
J103728.6+274459 10 37 28.66 +27 44 59.9 22.8 · · · · · · -6.705 -1.266 -1.006 16.587 1.324 0.901
J104035.8+132506 10 40 35.89 +13 25 6.2 140.0 · · · · · · 1.295 0.216 0.194 0.587 0.049 0.032
J104211.5+425307 10 42 11.50 +42 53 7.3 12.6 · · · · · · 3.295 0.534 0.494 -3.413 -0.292 -0.186
J104255.8+331020 10 42 55.89 +33 10 20.6 11.0 · · · · · · 11.295 1.664 1.694 32.587 2.478 1.771
J104516.3+142921 10 45 16.31 +14 29 21.6 16.7 · · · · · · -2.705 -0.478 -0.406 4.587 0.381 0.249
115
Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J104641.0+035601 10 46 41.06 +03 56 1.8 6.8 · · · · · · 11.295 1.664 1.694 27.587 2.129 1.499
J104641.5+282028 10 46 41.56 +28 20 28.2 9.8 · · · · · · 17.295 2.397 2.594 20.587 1.623 1.119
J104802.0+353617 10 48 2.01 +35 36 17.7 10.0 · · · · · · 20.295 2.735 3.044 21.587 1.696 1.173
J104813.5+522524 10 48 13.60 +52 25 24.3 44.4 · · · · · · 21.295 2.844 3.194 8.587 0.704 0.467
J104952.7+495725 10 49 52.72 +49 57 25.7 7.4 · · · · · · -3.705 -0.665 -0.556 -3.413 -0.292 -0.186
J105106.7+274015 10 51 6.75 +27 40 15.9 13.1 · · · · · · -7.705 -1.481 -1.156 -16.413 -1.474 -0.892
J105207.9+090242 10 52 7.99 +09 02 42.7 8.2 · · · · · · -7.705 -1.481 -1.156 -15.413 -1.379 -0.838
J105246.5+314411 10 52 46.53 +31 44 11.8 8.5 · · · · · · 20.295 2.735 3.044 31.587 2.409 1.717
J105351.6+212527 10 53 51.63 +21 25 27.8 11.3 · · · · · · -11.705 -2.438 -1.756 -35.413 -3.457 -1.925
J105436.7+142501 10 54 36.79 +14 25 1.7 19.5 · · · · · · -6.705 -1.266 -1.006 -22.413 -2.064 -1.218
J105706.7+584700 10 57 6.72 +58 47 0.4 105.9 · · · · · · -0.705 -0.121 -0.106 -8.413 -0.732 -0.457
J105800.6+603523 10 58 0.66 +60 35 23.2 10.9 · · · · · · -7.705 -1.481 -1.156 -9.413 -0.823 -0.512
J110130.3+465439 11 01 30.33 +46 54 39.7 24.9 · · · · · · 4.295 0.687 0.644 17.587 1.400 0.956
J110325.3+102418 11 03 25.32 +10 24 18.8 15.0 · · · · · · 4.295 0.687 0.644 33.587 2.547 1.825
J110406.8+372101 11 04 6.88 +37 21 1.1 22.1 · · · · · · 6.295 0.982 0.944 15.587 1.248 0.847
J110559.5+473309 11 05 59.55 +47 33 9.8 94.0 · · · · · · 8.295 1.264 1.244 17.587 1.400 0.956
J110604.2+171717 11 06 4.22 +17 17 17.0 12.6 · · · · · · 2.295 0.377 0.344 26.587 2.058 1.445
J110623.3+050822 11 06 23.34 +05 08 22.3 17.6 · · · · · · 29.295 3.660 4.395 18.587 1.474 1.010
J110658.0+292456 11 06 58.07 +29 24 57.0 30.7 · · · · · · -1.705 -0.297 -0.256 -18.413 -1.668 -1.001
J110735.7+235537 11 07 35.77 +23 55 37.4 127.6 · · · · · · 13.295 1.918 1.994 20.587 1.623 1.119
J111019.0+003252 11 10 19.03 +00 32 52.4 6.3 · · · · · · 8.295 1.264 1.244 2.587 0.216 0.141
J111019.7+250550 11 10 19.75 +25 05 50.6 74.0 · · · · · · 5.295 0.837 0.794 9.587 0.783 0.521
J111220.0+143719 11 12 20.03 +14 37 19.8 20.8 · · · · · · 13.295 1.918 1.994 39.587 2.951 2.151
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J111230.8+393058 11 12 30.83 +39 30 58.7 5.2 · · · · · · 17.295 2.397 2.594 11.587 0.940 0.630
J111244.1+034635 11 12 44.19 +03 46 35.5 17.6 · · · · · · -5.705 -1.058 -0.856 -14.413 -1.284 -0.783
J111252.4+023811 11 12 52.49 +02 38 11.4 10.0 · · · · · · -7.705 -1.481 -1.156 -7.413 -0.643 -0.403
J111309.5+081927 11 13 9.54 +08 19 27.3 32.8 · · · · · · 8.295 1.264 1.244 13.587 1.095 0.738
J111329.2+462153 11 13 29.23 +46 21 53.8 39.7 · · · · · · 26.295 3.365 3.945 18.587 1.474 1.010
J111341.4+250419 11 13 41.41 +25 04 19.1 74.7 · · · · · · 0.295 0.050 0.044 15.587 1.248 0.847
J111403.2-003959 11 14 3.21 -00 39 59.8 16.6 · · · · · · 7.295 1.125 1.094 -2.413 -0.205 -0.131
J111405.4+284924 11 14 5.40 +28 49 24.6 140.9 · · · · · · -2.705 -0.478 -0.406 14.587 1.172 0.793
J111733.6+335014 11 17 33.62 +33 50 14.3 88.7 · · · · · · 9.295 1.400 1.394 3.587 0.299 0.195
J112013.6+165648 11 20 13.60 +16 56 48.7 26.5 · · · · · · -7.705 -1.481 -1.156 -12.413 -1.098 -0.675
J112026.5+425304 11 20 26.54 +42 53 4.8 22.2 · · · · · · 27.295 3.465 4.095 38.587 2.885 2.097
J112142.7+053731 11 21 42.70 +05 37 31.7 12.5 · · · · · · -5.705 -1.058 -0.856 -9.413 -0.823 -0.512
J112146.5+100104 11 21 46.56 +10 01 4.8 14.1 · · · · · · -0.705 -0.121 -0.106 -4.413 -0.379 -0.240
J112154.8+024728 11 21 54.85 +02 47 28.6 38.4 · · · · · · 26.295 3.365 3.945 32.587 2.478 1.771
J112202.4+410403 11 22 2.49 +41 04 3.1 10.5 · · · · · · 3.295 0.534 0.494 2.587 0.216 0.141
J112332.9+250040 11 23 32.93 +25 00 40.1 11.6 · · · · · · 5.295 0.837 0.794 11.587 0.940 0.630
J112445.5+295051 11 24 45.57 +29 50 51.6 59.3 · · · · · · 5.295 0.837 0.794 28.587 2.200 1.554
J112551.5+300119 11 25 51.59 +30 01 19.9 61.7 · · · · · · -5.705 -1.058 -0.856 -23.413 -2.165 -1.272
J112618.4+050045 11 26 18.40 +05 00 45.3 27.8 · · · · · · 17.295 2.397 2.594 41.587 3.083 2.260
J112800.6+133006 11 28 0.69 +13 30 6.2 284.2 · · · · · · -6.705 -1.266 -1.006 -16.413 -1.474 -0.892
J112915.8+620851 11 29 15.89 +62 08 51.8 6.3 · · · · · · 0.295 0.050 0.044 18.587 1.474 1.010
J112953.4+034322 11 29 53.41 +03 43 22.1 12.9 · · · · · · -6.705 -1.266 -1.006 -28.413 -2.686 -1.544
J113137.0+522450 11 31 37.04 +52 24 50.4 14.4 · · · · · · -7.705 -1.481 -1.156 3.587 0.299 0.195
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J113146.4+552024 11 31 46.45 +55 20 24.9 15.6 · · · · · · 18.295 2.512 2.744 37.587 2.818 2.043
J113240.4+134425 11 32 40.48 +13 44 25.4 10.1 · · · · · · 13.295 1.918 1.994 6.587 0.543 0.358
J113428.8+203834 11 34 28.84 +20 38 34.7 21.3 · · · · · · 2.295 0.377 0.344 18.587 1.474 1.010
J113450.1+052851 11 34 50.14 +05 28 51.9 9.1 · · · · · · 0.295 0.050 0.044 -2.413 -0.205 -0.131
J113549.8+363233 11 35 49.88 +36 32 33.7 23.9 · · · · · · 14.295 2.041 2.144 15.587 1.248 0.847
J113600.9+413121 11 36 0.93 +41 31 21.8 35.7 · · · · · · -0.705 -0.121 -0.106 5.587 0.463 0.304
J113607.0+282754 11 36 7.05 +28 27 54.1 13.8 · · · · · · -3.705 -0.665 -0.556 -15.413 -1.379 -0.838
J113728.9+443205 11 37 28.95 +44 32 5.8 6.9 · · · · · · 7.295 1.125 1.094 -2.413 -0.205 -0.131
J113950.6+041718 11 39 50.68 +04 17 18.8 33.3 · · · · · · 2.295 0.377 0.344 -6.413 -0.554 -0.349
J114001.0+470007 11 40 1.05 +47 00 7.2 34.5 · · · · · · 10.295 1.534 1.544 60.587 4.274 3.293
J114001.8+010352 11 40 1.88 +01 03 52.2 46.6 · · · · · · -1.705 -0.297 -0.256 3.587 0.299 0.195
J114152.0+141956 11 41 52.02 +14 19 56.0 20.2 · · · · · · -7.705 -1.481 -1.156 -23.413 -2.165 -1.272
J114229.5+263935 11 42 29.58 +26 39 35.6 9.6 · · · · · · -5.705 -1.058 -0.856 5.587 0.463 0.304
J114325.1+474940 11 43 25.16 +47 49 40.6 13.3 · · · · · · 1.295 0.216 0.194 19.587 1.549 1.064
J114432.4+512303 11 44 32.49 +51 23 3.3 29.0 · · · · · · 1.295 0.216 0.194 2.587 0.216 0.141
J114946.5+500504 11 49 46.56 +50 05 4.3 16.9 · · · · · · 17.295 2.397 2.594 25.587 1.986 1.391
J115223.5+261410 11 52 23.54 +26 14 10.3 10.0 · · · · · · -14.705 -3.283 -2.206 -40.413 -4.043 -2.196
J115442.2+552028 11 54 42.24 +55 20 28.6 7.8 · · · · · · 8.295 1.264 1.244 -2.413 -0.205 -0.131
J115602.2+402438 11 56 2.23 +40 24 38.1 2.3 · · · · · · -13.705 -2.987 -2.056 -39.413 -3.923 -2.142
J115831.7+483702 11 58 31.79 +48 37 2.2 6.0 · · · · · · 11.295 1.664 1.694 18.587 1.474 1.010
J120051.2+183700 12 00 51.24 +18 37 0.7 39.7 · · · · · · 6.295 0.982 0.944 15.587 1.248 0.847
J120146.6+575620 12 01 46.63 +57 56 20.1 13.7 · · · · · · 4.295 0.687 0.644 -3.413 -0.292 -0.186
J120149.3+252028 12 01 49.33 +25 20 28.7 13.2 · · · · · · 13.295 1.918 1.994 -3.413 -0.292 -0.186
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J120352.1+143506 12 03 52.11 +14 35 6.8 21.5 · · · · · · 15.295 2.162 2.294 20.587 1.623 1.119
J120403.6+422922 12 04 3.68 +42 29 22.0 25.2 · · · · · · -5.705 -1.058 -0.856 1.587 0.133 0.086
J120424.2+113317 12 04 24.21 +11 33 17.7 2.4 · · · · · · 12.295 1.792 1.844 65.587 4.571 3.564
J120619.5+040617 12 06 19.60 +04 06 18.0 1502.9 · · · · · · 12.295 1.792 1.844 6.587 0.543 0.358
J120802.0+452517 12 08 2.03 +45 25 17.1 10.0 · · · · · · 4.295 0.687 0.644 27.587 2.129 1.499
J120804.1+253959 12 08 4.14 +25 39 59.2 14.9 · · · · · · 12.295 1.792 1.844 6.587 0.543 0.358
J120835.7+262133 12 08 35.73 +26 21 33.3 12.3 · · · · · · 2.295 0.377 0.344 26.587 2.058 1.445
J120840.3+632221 12 08 40.38 +63 22 21.9 30.3 · · · · · · -0.705 -0.121 -0.106 0.587 0.049 0.032
J120842.5+430153 12 08 42.56 +43 01 54.0 13.4 · · · · · · 17.295 2.397 2.594 19.587 1.549 1.064
J120853.8+293331 12 08 53.84 +29 33 31.1 17.1 · · · · · · -3.705 -0.665 -0.556 -14.413 -1.284 -0.783
J120858.4+421834 12 08 58.47 +42 18 34.3 24.1 · · · · · · -3.705 -0.665 -0.556 -26.413 -2.475 -1.436
J120952.6+474451 12 09 52.65 +47 44 51.2 21.9 · · · · · · -8.705 -1.705 -1.306 -42.413 -4.286 -2.305
J121001.1+093629 12 10 1.11 +09 36 29.8 12.6 · · · · · · 12.295 1.792 1.844 7.587 0.624 0.412
J121331.8+175833 12 13 31.83 +17 58 33.2 50.8 · · · · · · 1.295 0.216 0.194 -3.413 -0.292 -0.186
J121511.3+061009 12 15 11.39 +06 10 9.7 16.1 · · · · · · 17.295 2.397 2.594 21.587 1.696 1.173
J121554.5+112133 12 15 54.52 +11 21 33.3 6.2 · · · · · · 1.295 0.216 0.194 -11.413 -1.005 -0.620
J121623.4+383822 12 16 23.45 +38 38 22.5 100.5 · · · · · · 8.295 1.264 1.244 15.587 1.248 0.847
J121724.3+123148 12 17 24.39 +12 31 48.1 29.7 · · · · · · -7.705 -1.481 -1.156 -7.413 -0.643 -0.403
J121743.2+113657 12 17 43.22 +11 36 57.3 66.0 · · · · · · -7.705 -1.481 -1.156 -14.413 -1.284 -0.783
J121845.5+054633 12 18 45.51 +05 46 33.5 47.9 · · · · · · -6.705 -1.266 -1.006 -4.413 -0.379 -0.240
J121916.4+070449 12 19 16.47 +07 04 49.2 22.9 · · · · · · 9.295 1.400 1.394 -20.413 -1.864 -1.109
J121924.4+444710 12 19 24.43 +44 47 10.0 71.0 · · · · · · -0.705 -0.121 -0.106 -14.413 -1.284 -0.783
J121925.6+344505 12 19 25.68 +34 45 5.4 14.0 · · · · · · 6.295 0.982 0.944 34.587 2.615 1.880
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J122003.4+370146 12 20 3.46 +37 01 46.4 50.1 · · · · · · 5.295 0.837 0.794 17.587 1.400 0.956
J122110.7+302413 12 21 10.73 +30 24 13.7 21.2 · · · · · · 1.295 0.216 0.194 -13.413 -1.191 -0.729
J122241.3+400648 12 22 41.39 +40 06 48.7 25.1 · · · · · · -5.705 -1.058 -0.856 -14.413 -1.284 -0.783
J122435.7+441114 12 24 35.75 +44 11 14.1 29.4 · · · · · · -3.705 -0.665 -0.556 -9.413 -0.823 -0.512
J122442.1+113151 12 24 42.11 +11 31 51.5 7.9 · · · · · · 0.295 0.050 0.044 -9.413 -0.823 -0.512
J122616.2+190626 12 26 16.28 +19 06 26.1 9.6 · · · · · · 12.295 1.792 1.844 21.587 1.696 1.173
J122831.6+062847 12 28 31.68 +06 28 47.5 22.1 · · · · · · 8.295 1.264 1.244 -5.413 -0.466 -0.294
J123002.0+172437 12 30 2.05 +17 24 37.1 25.2 · · · · · · 18.295 2.512 2.744 23.587 1.842 1.282
J123139.7+331718 12 31 39.74 +33 17 18.6 53.6 · · · · · · 8.295 1.264 1.244 4.587 0.381 0.249
J123233.9+322546 12 32 33.95 +32 25 47.0 9.7 · · · · · · 2.295 0.377 0.344 -23.413 -2.165 -1.272
J123255.2+424012 12 32 55.30 +42 40 12.1 16.4 · · · · · · 5.295 0.837 0.794 -9.413 -0.823 -0.512
J123302.0+152506 12 33 2.05 +15 25 6.2 19.3 · · · · · · -4.705 -0.858 -0.706 -7.413 -0.643 -0.403
J123317.2+192851 12 33 17.28 +19 28 51.9 160.1 · · · · · · 21.295 2.844 3.194 39.587 2.951 2.151
J123339.8+250003 12 33 39.88 +25 00 3.5 32.6 · · · · · · 3.295 0.534 0.494 -11.413 -1.005 -0.620
J123347.0+354133 12 33 47.06 +35 41 33.6 15.5 · · · · · · 12.295 1.792 1.844 44.587 3.279 2.423
J123447.8+100251 12 34 47.83 +10 02 51.3 35.6 · · · · · · 18.295 2.512 2.744 23.587 1.842 1.282
J123650.7+460334 12 36 50.76 +46 03 34.7 35.1 · · · · · · -4.705 -0.858 -0.706 4.587 0.381 0.249
J123729.6+475419 12 37 29.67 +47 54 19.9 25.0 · · · · · · 14.295 2.041 2.144 13.587 1.095 0.738
J123757.1+113344 12 37 57.18 +11 33 44.2 7.4 · · · · · · -13.705 -2.987 -2.056 -19.413 -1.765 -1.055
J123819.9+275215 12 38 19.92 +27 52 15.2 38.5 · · · · · · -2.705 -0.478 -0.406 -9.413 -0.823 -0.512
J123904.6+001746 12 39 4.65 +00 17 46.2 127.5 · · · · · · 4.295 0.687 0.644 -12.413 -1.098 -0.675
J123930.0+051912 12 39 30.05 +05 19 12.5 16.8 · · · · · · 15.295 2.162 2.294 14.587 1.172 0.793
J123940.7+280828 12 39 40.70 +28 08 28.6 29.8 · · · · · · 18.295 2.512 2.744 43.587 3.214 2.369
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J124203.1+340651 12 42 3.11 +34 06 51.4 26.5 · · · · · · 17.295 2.397 2.594 56.587 4.033 3.075
J124400.9+250843 12 44 0.95 +25 08 43.0 296.6 · · · · · · -2.705 -0.478 -0.406 0.587 0.049 0.032
J124510.9+140239 12 45 10.95 +14 02 39.8 160.7 · · · · · · 13.295 1.918 1.994 33.587 2.547 1.825
J124642.8+442351 12 46 42.86 +44 23 51.2 9.8 · · · · · · -0.705 -0.121 -0.106 -21.413 -1.964 -1.164
J124744.7+230033 12 47 44.75 +23 00 33.1 86.4 · · · · · · -0.705 -0.121 -0.106 -6.413 -0.554 -0.349
J124752.8-024942 12 47 52.83 -02 49 42.4 191.9 · · · · · · 5.295 0.837 0.794 42.587 3.149 2.314
J124814.3+244237 12 48 14.31 +24 42 38.0 49.4 · · · · · · -1.705 -0.297 -0.256 -15.413 -1.379 -0.838
J125047.4+142355 12 50 47.42 +14 23 55.6 10.2 · · · · · · 20.295 2.735 3.044 31.587 2.409 1.717
J125220.2+154552 12 52 20.24 +15 45 52.4 17.8 · · · · · · -4.705 -0.858 -0.706 -15.413 -1.379 -0.838
J125359.4+580819 12 53 59.45 +58 08 19.6 36.7 · · · · · · -3.705 -0.665 -0.556 -1.413 -0.120 -0.077
J125411.3+585155 12 54 11.32 +58 51 55.5 13.7 · · · · · · 2.295 0.377 0.344 -4.413 -0.379 -0.240
J125434.9+252250 12 54 34.95 +25 22 50.3 17.8 · · · · · · 3.295 0.534 0.494 39.587 2.951 2.151
J125458.9+292619 12 54 58.94 +29 26 19.3 10.6 · · · · · · 0.295 0.050 0.044 -6.413 -0.554 -0.349
J125839.8+295413 12 58 39.84 +29 54 13.9 10.5 · · · · · · 13.295 1.918 1.994 -3.413 -0.292 -0.186
J130126.5+264839 13 01 26.59 +26 48 39.6 14.3 · · · · · · 5.295 0.837 0.794 -8.413 -0.732 -0.457
J130211.9+071409 13 02 11.99 +07 14 9.8 17.2 · · · · · · 8.295 1.264 1.244 39.587 2.951 2.151
J130339.3+114152 13 03 39.37 +11 41 52.2 23.1 · · · · · · 11.295 1.664 1.694 59.587 4.214 3.238
J130538.9-001340 13 05 38.94 -00 13 40.8 112.2 · · · · · · -12.705 -2.705 -1.906 -18.413 -1.668 -1.001
J130542.1+095720 13 05 42.14 +09 57 20.4 67.8 · · · · · · -3.705 -0.665 -0.556 16.587 1.324 0.901
J130545.3-034502 13 05 45.31 -03 45 2.6 26.3 · · · · · · -4.705 -0.858 -0.706 -2.413 -0.205 -0.131
J130607.6+624221 13 06 7.65 +62 42 21.5 16.3 · · · · · · 5.295 0.837 0.794 23.587 1.842 1.282
J130743.0+063631 13 07 43.06 +06 36 31.9 9.9 · · · · · · 12.295 1.792 1.844 22.587 1.770 1.228
J130845.0+091056 13 08 45.03 +09 10 56.4 25.8 · · · · · · 13.295 1.918 1.994 9.587 0.783 0.521
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J130958.8+082143 13 09 58.85 +08 21 43.5 27.7 · · · · · · 5.295 0.837 0.794 6.587 0.543 0.358
J131054.4+595510 13 10 54.40 +59 55 10.8 136.5 · · · · · · -8.705 -1.705 -1.306 -16.413 -1.474 -0.892
J131134.4+395822 13 11 34.43 +39 58 22.1 23.1 · · · · · · 1.295 0.216 0.194 -11.413 -1.005 -0.620
J131320.6+051220 13 13 20.68 +05 12 20.4 19.7 · · · · · · -5.705 -1.058 -0.856 -4.413 -0.379 -0.240
J131341.0+022037 13 13 41.06 +02 20 37.4 7.0 · · · · · · 11.295 1.664 1.694 10.587 0.862 0.575
J131452.7+145557 13 14 52.76 +14 55 57.8 28.1 · · · · · · 23.295 3.057 3.494 19.587 1.549 1.064
J131510.8+080715 13 15 10.87 +08 07 15.1 8.3 · · · · · · -6.705 -1.266 -1.006 -12.413 -1.098 -0.675
J131613.0+454314 13 16 13.07 +45 43 14.9 14.4 · · · · · · 6.295 0.982 0.944 2.587 0.216 0.141
J131837.8+524706 13 18 37.84 +52 47 6.3 101.4 · · · · · · 0.295 0.050 0.044 9.587 0.783 0.521
J131854.0+231153 13 18 54.02 +23 11 53.6 11.2 · · · · · · 9.295 1.400 1.394 40.587 3.017 2.206
J131919.2-031232 13 19 19.25 -03 12 32.8 32.3 · · · · · · -6.705 -1.266 -1.006 -11.413 -1.005 -0.620
J132130.2+443950 13 21 30.22 +44 39 50.7 23.3 · · · · · · 5.295 0.837 0.794 -2.413 -0.205 -0.131
J132502.9+185535 13 25 2.93 +18 55 35.5 46.3 · · · · · · 10.295 1.534 1.544 -4.413 -0.379 -0.240
J132551.2+054611 13 25 51.21 +05 46 11.6 39.0 · · · · · · -6.705 -1.266 -1.006 -18.413 -1.668 -1.001
J132611.4+484425 13 26 11.46 +48 44 25.6 13.7 · · · · · · -10.705 -2.183 -1.606 -24.413 -2.267 -1.327
J132617.5+300649 13 26 17.53 +30 06 49.5 10.4 · · · · · · 4.295 0.687 0.644 13.587 1.095 0.738
J132703.7+612928 13 27 3.75 +61 29 28.9 25.0 · · · · · · 6.295 0.982 0.944 -19.413 -1.765 -1.055
J132716.4+540442 13 27 16.44 +54 04 42.6 17.4 · · · · · · 4.295 0.687 0.644 1.587 0.133 0.086
J132907.0+333827 13 29 7.09 +33 38 27.7 28.2 · · · · · · 17.295 2.397 2.594 14.587 1.172 0.793
J133103.6+064121 13 31 3.67 +06 41 21.2 30.2 · · · · · · 5.295 0.837 0.794 12.587 1.018 0.684
J133215.8+225049 13 32 15.89 +22 50 49.5 55.7 · · · · · · -3.705 -0.665 -0.556 -8.413 -0.732 -0.457
J133255.6+041031 13 32 55.61 +04 10 31.7 16.7 · · · · · · 1.295 0.216 0.194 -1.413 -0.120 -0.077
J133325.9+395807 13 33 25.94 +39 58 7.5 30.4 · · · · · · 2.295 0.377 0.344 8.587 0.704 0.467
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J133411.9+352102 13 34 11.99 +35 21 2.3 20.5 · · · · · · -6.705 -1.266 -1.006 8.587 0.704 0.467
J133507.1+132329 13 35 7.18 +13 23 29.2 24.5 · · · · · · 18.295 2.512 2.744 19.587 1.549 1.064
J133613.1+533505 13 36 13.20 +53 35 5.9 45.6 · · · · · · 7.295 1.125 1.094 15.587 1.248 0.847
J133617.3+562607 13 36 17.32 +56 26 7.8 10.1 · · · · · · -6.705 -1.266 -1.006 -20.413 -1.864 -1.109
J133744.4+294333 13 37 44.44 +29 43 33.6 86.1 · · · · · · 5.295 0.837 0.794 13.587 1.095 0.738
J133837.2+385616 13 38 37.27 +38 56 16.8 36.2 · · · · · · -6.705 -1.266 -1.006 0.587 0.049 0.032
J133848.2+513510 13 38 48.26 +51 35 10.8 23.8 · · · · · · 4.295 0.687 0.644 -15.413 -1.379 -0.838
J134104.4+055841 13 41 4.41 +05 58 41.6 44.1 · · · · · · 17.295 2.397 2.594 26.587 2.058 1.445
J134354.6+193330 13 43 54.66 +19 33 30.7 154.9 · · · · · · 3.295 0.534 0.494 1.587 0.133 0.086
J135021.4+464118 13 50 21.44 +46 41 18.7 8.2 · · · · · · 1.295 0.216 0.194 -18.413 -1.668 -1.001
J135133.6+122246 13 51 33.66 +12 22 46.7 33.4 · · · · · · 3.295 0.534 0.494 0.587 0.049 0.032
J135136.2+543955 13 51 36.25 +54 39 55.1 45.6 · · · · · · 26.295 3.365 3.945 85.587 5.694 4.651
J135158.5+084303 13 51 58.52 +08 43 3.2 27.1 · · · · · · 0.295 0.050 0.044 -18.413 -1.668 -1.001
J135313.5+371238 13 53 13.55 +37 12 38.7 46.7 · · · · · · 0.295 0.050 0.044 -5.413 -0.466 -0.294
J135450.6+251240 13 54 50.62 +25 12 40.0 7.9 · · · · · · 30.295 3.756 4.545 46.587 3.408 2.532
J135514.1+043514 13 55 14.12 +04 35 14.0 23.8 · · · · · · -2.705 -0.478 -0.406 20.587 1.623 1.119
J135535.2+303325 13 55 35.26 +30 33 25.6 12.8 · · · · · · 3.295 0.534 0.494 -2.413 -0.205 -0.131
J135627.4+244645 13 56 27.41 +24 46 45.6 20.1 · · · · · · 9.295 1.400 1.394 15.587 1.248 0.847
J135628.4+232142 13 56 28.49 +23 21 42.8 13.5 · · · · · · 6.295 0.982 0.944 27.587 2.129 1.499
J135630.7+390058 13 56 30.71 +39 00 58.9 15.8 · · · · · · 1.295 0.216 0.194 6.587 0.543 0.358
J135709.3+132643 13 57 9.32 +13 26 43.2 27.0 · · · · · · 8.295 1.264 1.244 -1.413 -0.120 -0.077
J135902.7+214027 13 59 2.77 +21 40 27.9 94.1 · · · · · · 0.295 0.050 0.044 -20.413 -1.864 -1.109
J140034.7+221454 14 00 34.71 +22 14 54.4 89.0 · · · · · · 1.295 0.216 0.194 -5.413 -0.466 -0.294
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J140119.7+061204 14 01 19.75 +06 12 4.3 21.7 · · · · · · 13.295 1.918 1.994 29.587 2.270 1.608
J140252.0+350309 14 02 52.03 +35 03 9.2 31.8 · · · · · · 0.295 0.050 0.044 13.587 1.095 0.738
J140337.3+190302 14 03 37.35 +19 03 2.2 60.0 · · · · · · -5.705 -1.058 -0.856 -8.413 -0.732 -0.457
J140440.4+114849 14 04 40.43 +11 48 49.8 8.0 · · · · · · 13.295 1.918 1.994 3.587 0.299 0.195
J140520.1-024133 14 05 20.12 -02 41 33.6 42.9 · · · · · · -0.705 -0.121 -0.106 5.587 0.463 0.304
J140547.7+625429 14 05 47.77 +62 54 29.8 5.9 · · · · · · -10.705 -2.183 -1.606 -28.413 -2.686 -1.544
J140642.8+602227 14 06 42.85 +60 22 27.6 29.3 · · · · · · 2.295 0.377 0.344 14.587 1.172 0.793
J140740.6+372810 14 07 40.64 +37 28 10.8 45.6 · · · · · · 6.295 0.982 0.944 -2.413 -0.205 -0.131
J140804.8+205206 14 08 4.83 +20 52 6.1 8.8 · · · · · · 15.295 2.162 2.294 -6.413 -0.554 -0.349
J140835.3+034552 14 08 35.33 +03 45 52.1 11.6 · · · · · · 21.295 2.844 3.194 25.587 1.986 1.391
J140935.3+210347 14 09 35.34 +21 03 47.5 11.4 · · · · · · 26.295 3.365 3.945 48.587 3.535 2.641
J140943.4-005136 14 09 43.47 -00 51 37.0 33.6 · · · · · · 2.295 0.377 0.344 -1.413 -0.120 -0.077
J141143.5+203614 14 11 43.54 +20 36 14.6 12.4 · · · · · · 9.295 1.400 1.394 10.587 0.862 0.575
J141250.5+050118 14 12 50.50 +05 01 18.5 16.1 · · · · · · 5.295 0.837 0.794 -2.413 -0.205 -0.131
J141348.1+082900 14 13 48.13 +08 29 0.8 10.7 · · · · · · 9.295 1.400 1.394 22.587 1.770 1.228
J141441.1+063714 14 14 41.14 +06 37 14.3 7.6 · · · · · · -5.705 -1.058 -0.856 29.587 2.270 1.608
J141738.7+605316 14 17 38.76 +60 53 16.3 78.1 · · · · · · -3.705 -0.665 -0.556 -25.413 -2.371 -1.381
J141740.8+121956 14 17 40.83 +12 19 56.9 15.2 · · · · · · -0.705 -0.121 -0.106 -22.413 -2.064 -1.218
J141742.0+632211 14 17 42.04 +63 22 11.9 13.6 · · · · · · -3.705 -0.665 -0.556 -20.413 -1.864 -1.109
J141750.4+155523 14 17 50.48 +15 55 23.9 7.4 · · · · · · 10.295 1.534 1.544 17.587 1.400 0.956
J141856.5+223004 14 18 56.59 +22 30 4.5 14.7 · · · · · · 12.295 1.792 1.844 26.587 2.058 1.445
J142000.4+450101 14 20 0.45 +45 01 1.7 57.1 · · · · · · -5.705 -1.058 -0.856 -14.413 -1.284 -0.783
J142216.0+552024 14 22 16.06 +55 20 25.0 9.9 · · · · · · -4.705 -0.858 -0.706 -2.413 -0.205 -0.131
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J142238.1+251433 14 22 38.17 +25 14 33.0 19.3 · · · · · · 17.295 2.397 2.594 35.587 2.683 1.934
J142252.7+134338 14 22 52.71 +13 43 38.6 14.2 · · · · · · 10.295 1.534 1.544 17.587 1.400 0.956
J142409.3+250425 14 24 9.35 +25 04 25.9 85.6 · · · · · · 12.295 1.792 1.844 19.587 1.549 1.064
J142605.4+115642 14 26 5.49 +11 56 42.6 12.5 · · · · · · 8.295 1.264 1.244 -2.413 -0.205 -0.131
J142818.3-011910 14 28 18.37 -01 19 10.8 10.8 · · · · · · -2.705 -0.478 -0.406 -6.413 -0.554 -0.349
J143509.8+092013 14 35 9.87 +09 20 13.5 122.6 · · · · · · 12.295 1.792 1.844 9.587 0.783 0.521
J143518.7+174217 14 35 18.71 +17 42 17.3 21.8 · · · · · · 15.295 2.162 2.294 -0.413 -0.035 -0.022
J143603.4+444513 14 36 3.41 +44 45 13.8 87.6 · · · · · · 3.295 0.534 0.494 -12.413 -1.098 -0.675
J143620.1+232845 14 36 20.20 +23 28 45.5 7.3 · · · · · · 5.295 0.837 0.794 -5.413 -0.466 -0.294
J143720.8+303323 14 37 20.87 +30 33 23.8 20.2 · · · · · · 3.295 0.534 0.494 4.587 0.381 0.249
J144307.6+143019 14 43 7.66 +14 30 19.2 11.8 · · · · · · 9.295 1.400 1.394 49.587 3.598 2.695
J144315.0-003813 14 43 15.06 -00 38 13.8 7.1 · · · · · · 2.295 0.377 0.344 -15.413 -1.379 -0.838
J144333.1+275244 14 43 33.19 +27 52 44.1 151.0 · · · · · · -2.705 -0.478 -0.406 -29.413 -2.793 -1.599
J144907.7+401821 14 49 7.78 +40 18 21.1 33.1 · · · · · · -14.705 -3.283 -2.206 -25.413 -2.371 -1.381
J144923.0+221245 14 49 23.04 +22 12 45.1 149.5 · · · · · · -2.705 -0.478 -0.406 36.587 2.751 1.988
J144924.7+064050 14 49 24.70 +06 40 50.4 14.6 · · · · · · 12.295 1.792 1.844 51.587 3.724 2.804
J145023.3+340123 14 50 23.36 +34 01 23.4 14.7 · · · · · · 27.295 3.465 4.095 19.587 1.549 1.064
J145028.1+124750 14 50 28.12 +12 47 50.4 14.6 · · · · · · -7.705 -1.481 -1.156 -23.413 -2.165 -1.272
J145246.5+163840 14 52 46.57 +16 38 40.0 44.9 · · · · · · 3.295 0.534 0.494 8.587 0.704 0.467
J145306.8-021523 14 53 6.81 -02 15 23.9 132.3 · · · · · · 10.295 1.534 1.544 38.587 2.885 2.097
J145324.5+431747 14 53 24.52 +43 17 47.1 25.6 · · · · · · 1.295 0.216 0.194 -18.413 -1.668 -1.001
J145416.9+135201 14 54 16.96 +13 52 1.1 12.0 · · · · · · 19.295 2.624 2.894 36.587 2.751 1.988
J145458.1+504751 14 54 58.10 +50 47 51.1 12.0 · · · · · · 5.295 0.837 0.794 25.587 1.986 1.391
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J145515.9+043638 14 55 15.92 +04 36 38.8 17.3 · · · · · · 24.295 3.161 3.644 55.587 3.971 3.021
J145753.5+580847 14 57 53.58 +58 08 47.7 11.5 · · · · · · -5.705 -1.058 -0.856 -29.413 -2.793 -1.599
J145828.8+035620 14 58 28.82 +03 56 20.6 28.2 · · · · · · 3.295 0.534 0.494 -0.413 -0.035 -0.022
J145837.3-010719 14 58 37.37 -01 07 19.8 31.1 · · · · · · 12.295 1.792 1.844 47.587 3.471 2.586
J145842.3+100622 14 58 42.31 +10 06 22.9 58.9 · · · · · · -6.705 -1.266 -1.006 -10.413 -0.914 -0.566
J145850.2+431942 14 58 50.25 +43 19 42.7 11.1 · · · · · · 11.295 1.664 1.694 17.587 1.400 0.956
J150142.9+434435 15 01 42.91 +43 44 35.0 89.7 · · · · · · -2.705 -0.478 -0.406 -1.413 -0.120 -0.077
J150238.1+170146 15 02 38.18 +17 01 46.3 75.7 · · · · · · 6.295 0.982 0.944 29.587 2.270 1.608
J150837.0+583346 15 08 37.06 +58 33 46.3 9.7 · · · · · · -1.705 -0.297 -0.256 -15.413 -1.379 -0.838
J150910.0+231901 15 09 10.06 +23 19 1.3 38.8 · · · · · · -8.705 -1.705 -1.306 -11.413 -1.005 -0.620
J150949.3+281455 15 09 49.30 +28 14 55.9 7.7 · · · · · · -0.705 -0.121 -0.106 10.587 0.862 0.575
J151317.5+091835 15 13 17.54 +09 18 35.9 53.2 · · · · · · 18.295 2.512 2.744 11.587 0.940 0.630
J151458.0-011749 15 14 58.08 -01 17 49.6 10.7 · · · · · · 22.295 2.952 3.344 35.587 2.683 1.934
J151500.4+364544 15 15 0.45 +36 45 44.5 53.9 · · · · · · 1.295 0.216 0.194 -0.413 -0.035 -0.022
J151502.4+465025 15 15 2.42 +46 50 25.8 11.0 · · · · · · -4.705 -0.858 -0.706 5.587 0.463 0.304
J151515.1+302514 15 15 15.19 +30 25 14.1 10.5 · · · · · · 1.295 0.216 0.194 -23.413 -2.165 -1.272
J151557.8+201247 15 15 57.84 +20 12 47.1 18.0 · · · · · · 3.295 0.534 0.494 9.587 0.783 0.521
J151654.5+515031 15 16 54.57 +51 50 31.3 6.7 · · · · · · -8.705 -1.705 -1.306 -50.413 -5.316 -2.740
J151845.4+083843 15 18 45.41 +08 38 43.7 21.2 · · · · · · 11.295 1.664 1.694 25.587 1.986 1.391
J151848.8+150300 15 18 48.85 +15 03 0.4 8.4 · · · · · · 11.295 1.664 1.694 6.587 0.543 0.358
J151858.5+315047 15 18 58.51 +31 50 47.3 53.4 · · · · · · 6.295 0.982 0.944 9.587 0.783 0.521
J152010.6-010233 15 20 10.69 -01 02 33.5 84.7 · · · · · · -1.705 -0.297 -0.256 25.587 1.986 1.391
J152026.2+283529 15 20 26.27 +28 35 29.7 22.8 · · · · · · 14.295 2.041 2.144 17.587 1.400 0.956
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J152033.8+560310 15 20 33.86 +56 03 10.3 89.8 · · · · · · 5.295 0.837 0.794 -15.413 -1.379 -0.838
J152102.9+422813 15 21 2.94 +42 28 13.3 7.7 · · · · · · -4.705 -0.858 -0.706 -33.413 -3.231 -1.816
J152111.9+234256 15 21 11.97 +23 42 56.9 18.5 · · · · · · -7.705 -1.481 -1.156 7.587 0.624 0.412
J152227.9+343532 15 22 27.94 +34 35 32.7 7.0 · · · · · · 0.295 0.050 0.044 -13.413 -1.191 -0.729
J152410.0+294547 15 24 10.02 +29 45 47.5 42.6 · · · · · · 4.295 0.687 0.644 2.587 0.216 0.141
J152528.8+121329 15 25 28.82 +12 13 29.7 26.7 · · · · · · 1.295 0.216 0.194 9.587 0.783 0.521
J152746.7+150828 15 27 46.71 +15 08 28.2 85.0 · · · · · · 6.295 0.982 0.944 23.587 1.842 1.282
J152934.7+275416 15 29 34.78 +27 54 16.3 55.0 · · · · · · 8.295 1.264 1.244 16.587 1.324 0.901
J153022.2+330117 15 30 22.28 +33 01 17.8 14.3 · · · · · · -3.705 -0.665 -0.556 -39.413 -3.923 -2.142
J153138.8+173147 15 31 38.80 +17 31 47.6 19.5 · · · · · · 2.295 0.377 0.344 13.587 1.095 0.738
J153317.4+391804 15 33 17.41 +39 18 5.0 30.6 · · · · · · -0.705 -0.121 -0.106 -10.413 -0.914 -0.566
J153442.2+313048 15 34 42.25 +31 30 48.4 26.7 · · · · · · 5.295 0.837 0.794 9.587 0.783 0.521
J153540.6+214417 15 35 40.66 +21 44 17.2 43.5 · · · · · · 8.295 1.264 1.244 15.587 1.248 0.847
J153832.4+124703 15 38 32.48 +12 47 3.6 9.4 · · · · · · 22.295 2.952 3.344 37.587 2.818 2.043
J153850.3+201120 15 38 50.30 +20 11 20.1 61.5 · · · · · · -0.705 -0.121 -0.106 9.587 0.783 0.521
J154124.0+490900 15 41 24.03 +49 09 0.2 63.8 · · · · · · 4.295 0.687 0.644 -1.413 -0.120 -0.077
J154223.6-023526 15 42 23.62 -02 35 26.5 4.7 · · · · · · 13.295 1.918 1.994 39.587 2.951 2.151
J154336.2-011723 15 43 36.28 -01 17 23.4 14.6 · · · · · · 21.295 2.844 3.194 90.587 5.961 4.923
J154619.9+093008 15 46 19.90 +09 30 8.6 61.4 · · · · · · 1.295 0.216 0.194 -17.413 -1.571 -0.946
J154629.0+081537 15 46 29.06 +08 15 37.9 41.9 · · · · · · 17.295 2.397 2.594 40.587 3.017 2.206
J154630.7+262030 15 46 30.76 +26 20 30.6 10.6 · · · · · · 20.295 2.735 3.044 18.587 1.474 1.010
J154913.0+310149 15 49 13.07 +31 01 49.8 18.5 · · · · · · 1.295 0.216 0.194 -15.413 -1.379 -0.838
J154949.7+334827 15 49 49.72 +33 48 27.1 23.4 · · · · · · 4.295 0.687 0.644 3.587 0.299 0.195
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J155004.7+264505 15 50 4.73 +26 45 5.2 16.1 · · · · · · 3.295 0.534 0.494 1.587 0.133 0.086
J155104.3+502458 15 51 4.39 +50 24 58.4 7.1 · · · · · · 1.295 0.216 0.194 30.587 2.340 1.662
J155150.2+532059 15 51 50.26 +53 20 59.4 53.1 · · · · · · -11.705 -2.438 -1.756 -19.413 -1.765 -1.055
J155335.7+544417 15 53 35.72 +54 44 17.7 13.8 · · · · · · 4.295 0.687 0.644 -25.413 -2.371 -1.381
J155343.8+002513 15 53 43.84 +00 25 13.1 17.7 · · · · · · 13.295 1.918 1.994 64.587 4.512 3.510
J155346.6+191521 15 53 46.67 +19 15 21.9 61.8 · · · · · · 2.295 0.377 0.344 5.587 0.463 0.304
J155615.1+534815 15 56 15.17 +53 48 15.8 130.5 · · · · · · -4.705 -0.858 -0.706 12.587 1.018 0.684
J155733.2+304859 15 57 33.27 +30 48 59.5 23.4 · · · · · · -1.705 -0.297 -0.256 9.587 0.783 0.521
J160156.6+015302 16 01 56.67 +01 53 2.4 39.2 · · · · · · -3.705 -0.665 -0.556 -20.413 -1.864 -1.109
J160406.3+112522 16 04 6.39 +11 25 22.3 12.8 · · · · · · 0.295 0.050 0.044 28.587 2.200 1.554
J160807.4+213350 16 08 7.49 +21 33 50.7 16.1 · · · · · · 0.295 0.050 0.044 7.587 0.624 0.412
J160815.0-003613 16 08 15.01 -00 36 13.9 28.8 · · · · · · 53.295 5.679 7.995 87.587 5.802 4.760
J160925.4+313422 16 09 25.43 +31 34 22.8 44.8 · · · · · · 3.295 0.534 0.494 11.587 0.940 0.630
J161026.2+152459 16 10 26.22 +15 24 59.5 12.2 · · · · · · 5.295 0.837 0.794 4.587 0.381 0.249
J161209.4+040508 16 12 9.43 +04 05 8.5 32.4 · · · · · · 8.295 1.264 1.244 13.587 1.095 0.738
J161334.0+220426 16 13 34.07 +22 04 26.5 180.5 · · · · · · 10.295 1.534 1.544 4.587 0.381 0.249
J161349.8+145808 16 13 49.87 +14 58 8.5 32.4 · · · · · · 13.295 1.918 1.994 31.587 2.409 1.717
J161531.3+234249 16 15 31.37 +23 42 49.3 27.7 · · · · · · 13.295 1.918 1.994 47.587 3.471 2.586
J161548.0+381758 16 15 48.04 +38 17 58.4 16.0 · · · · · · 3.295 0.534 0.494 3.587 0.299 0.195
J161558.4+213131 16 15 58.47 +21 31 31.2 27.3 · · · · · · 18.295 2.512 2.744 62.587 4.394 3.401
J161806.9+422539 16 18 6.99 +42 25 39.6 43.7 · · · · · · -10.705 -2.183 -1.606 -22.413 -2.064 -1.218
J162358.0+053336 16 23 58.03 +05 33 36.8 8.1 · · · · · · 14.295 2.041 2.144 66.587 4.629 3.619
J162520.0+383038 16 25 20.10 +38 30 38.7 11.8 · · · · · · 1.295 0.216 0.194 -12.413 -1.098 -0.675
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J162718.1+151134 16 27 18.14 +15 11 34.5 38.0 · · · · · · 2.295 0.377 0.344 2.587 0.216 0.141
J162953.4+351659 16 29 53.44 +35 16 59.1 16.0 · · · · · · 22.295 2.952 3.344 24.587 1.915 1.336
J162955.5+451607 16 29 55.57 +45 16 7.9 28.2 · · · · · · 9.295 1.400 1.394 32.587 2.478 1.771
J163115.2+243259 16 31 15.23 +24 32 59.8 9.7 · · · · · · 2.295 0.377 0.344 15.587 1.248 0.847
J163126.4+420847 16 31 26.41 +42 08 47.6 21.8 · · · · · · 10.295 1.534 1.544 -6.413 -0.554 -0.349
J163201.8+525523 16 32 1.89 +52 55 23.9 35.9 · · · · · · 16.295 2.281 2.444 14.587 1.172 0.793
J163512.7+444641 16 35 12.74 +44 46 41.1 49.2 · · · · · · -4.705 -0.858 -0.706 13.587 1.095 0.738
J163539.4+150349 16 35 39.50 +15 03 49.3 124.9 · · · · · · 4.295 0.687 0.644 44.587 3.279 2.423
J163745.9+521735 16 37 45.90 +52 17 35.5 74.7 · · · · · · 18.295 2.512 2.744 6.587 0.543 0.358
J163913.7+383611 16 39 13.79 +38 36 11.0 38.3 · · · · · · 18.295 2.512 2.744 30.587 2.340 1.662
J164222.7+463229 16 42 22.76 +46 32 29.9 10.5 · · · · · · 3.295 0.534 0.494 14.587 1.172 0.793
J164551.2+153230 16 45 51.24 +15 32 30.6 22.9 · · · · · · 18.295 2.512 2.744 42.587 3.149 2.314
J164905.6+311230 16 49 5.62 +31 12 30.7 27.6 · · · · · · -8.705 -1.705 -1.306 -27.413 -2.580 -1.490
J164951.6+310818 16 49 51.70 +31 08 18.5 114.3 · · · · · · 23.295 3.057 3.494 37.587 2.818 2.043
J165208.6+242148 16 52 8.69 +24 21 48.5 25.7 · · · · · · 14.295 2.041 2.144 42.587 3.149 2.314
J165738.2+603822 16 57 38.25 +60 38 22.3 6.1 · · · · · · 6.295 0.982 0.944 5.587 0.463 0.304
J170048.2+630737 17 00 48.21 +63 07 37.6 24.2 · · · · · · -2.705 -0.478 -0.406 -9.413 -0.823 -0.512
J170105.4+360958 17 01 5.47 +36 09 58.2 20.4 · · · · · · 28.295 3.563 4.245 50.587 3.661 2.749
J170323.6+413137 17 03 23.66 +41 31 37.0 50.4 · · · · · · 3.295 0.534 0.494 14.587 1.172 0.793
J170443.9+295246 17 04 43.91 +29 52 46.4 32.6 · · · · · · 12.295 1.792 1.844 45.587 3.343 2.478
J170607.9+314853 17 06 7.95 +31 48 53.4 17.4 · · · · · · 14.295 2.041 2.144 28.587 2.200 1.554
J170858.2+580316 17 08 58.22 +58 03 16.1 176.4 · · · · · · 3.295 0.534 0.494 -6.413 -0.554 -0.349
J171128.9+345928 17 11 28.90 +34 59 28.4 53.9 · · · · · · 7.295 1.125 1.094 6.587 0.543 0.358
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J171231.4+243528 17 12 31.41 +24 35 28.0 45.6 · · · · · · 12.295 1.792 1.844 38.587 2.885 2.097
J171330.9+423502 17 13 30.94 +42 35 2.8 26.5 · · · · · · 7.295 1.125 1.094 20.587 1.623 1.119
J171917.1+544717 17 19 17.11 +54 47 17.7 10.1 · · · · · · 8.295 1.264 1.244 24.587 1.915 1.336
J172655.5+281841 17 26 55.52 +28 18 41.1 31.8 · · · · · · 20.295 2.735 3.044 36.587 2.751 1.988
J172723.5+535231 17 27 23.55 +53 52 31.2 92.9 · · · · · · 6.295 0.982 0.944 15.587 1.248 0.847
J173336.6+573208 17 33 36.69 +57 32 8.0 88.1 · · · · · · 12.295 1.792 1.844 -21.413 -1.964 -1.164
J211235.7-070834 21 12 35.77 -07 08 34.6 28.9 · · · · · · 13.295 1.918 1.994 39.587 2.951 2.151
J212217.4+000109 21 22 17.40 +00 01 9.0 154.6 · · · · · · -2.705 -0.478 -0.406 20.587 1.623 1.119
J212640.9+005612 21 26 40.91 +00 56 12.3 4.3 · · · · · · -6.705 -1.266 -1.006 7.587 0.624 0.412
J215525.3-005021 21 55 25.30 -00 50 21.0 33.2 · · · · · · 1.295 0.216 0.194 0.587 0.049 0.032
J220404.4-074636 22 04 4.47 -07 46 36.2 40.6 · · · · · · -1.705 -0.297 -0.256 14.587 1.172 0.793
J220730.7-010245 22 07 30.70 -01 02 45.0 14.7 · · · · · · -3.705 -0.665 -0.556 -9.413 -0.823 -0.512
J220852.0-002724 22 08 52.00 -00 27 24.0 14.0 · · · · · · -7.705 -1.481 -1.156 3.587 0.299 0.195
J221605.1-081335 22 16 5.15 -08 13 36.0 8.2 · · · · · · 17.295 2.397 2.594 45.587 3.343 2.478
J223058.9+002208 22 30 58.92 +00 22 8.5 20.4 · · · · · · -1.705 -0.297 -0.256 1.587 0.133 0.086
J223207.4-080755 22 32 7.40 -08 07 55.9 10.0 · · · · · · -9.705 -1.939 -1.456 -12.413 -1.098 -0.675
J223506.9-094819 22 35 6.96 -09 48 19.7 175.5 · · · · · · 9.295 1.400 1.394 0.587 0.049 0.032
J223634.5-012119 22 36 34.54 -01 21 19.4 15.9 · · · · · · 6.295 0.982 0.944 29.587 2.270 1.608
J224256.8-001328 22 42 56.86 -00 13 28.2 22.9 · · · · · · -1.705 -0.297 -0.256 -5.413 -0.466 -0.294
J224419.1-085522 22 44 19.15 -08 55 22.8 49.1 · · · · · · 11.295 1.664 1.694 -1.413 -0.120 -0.077
J224655.7-011202 22 46 55.78 -01 12 2.5 115.8 · · · · · · -2.705 -0.478 -0.406 -29.413 -2.793 -1.599
J230328.8+010115 23 03 28.81 +01 01 15.3 55.3 · · · · · · 3.295 0.534 0.494 2.587 0.216 0.141
J230933.9-081957 23 09 33.91 -08 19 57.8 14.5 · · · · · · 0.295 0.050 0.044 8.587 0.704 0.467
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J231818.6-010915 23 18 18.68 -01 09 15.8 25.2 · · · · · · -4.705 -0.858 -0.706 -21.413 -1.964 -1.164
J231935.0-110650 23 19 35.01 -11 06 50.5 8.6 · · · · · · -4.705 -0.858 -0.706 22.587 1.770 1.228
J232249.1-091818 23 22 49.13 -09 18 19.0 9.5 · · · · · · 13.295 1.918 1.994 19.587 1.549 1.064
J232345.9+002925 23 23 45.94 +00 29 25.2 8.8 · · · · · · 9.295 1.400 1.394 19.587 1.549 1.064
J233318.6-004730 23 33 18.67 -00 47 30.3 27.1 · · · · · · -1.705 -0.297 -0.256 3.587 0.299 0.195
J234734.8-003635 23 47 34.82 -00 36 35.6 17.1 · · · · · · 1.295 0.216 0.194 -2.413 -0.205 -0.131
3.6 µm and 4.5 µm
J003447.7-002137 00 34 47.70 -00 21 37.0 36.8 0.1460 1.86 5.295 0.837 0.794 2.587 0.216 0.141
J003625.8-005226 00 36 25.80 -00 52 26.0 15.5 · · · d · · · 2.295 0.377 0.344 11.587 0.940 0.630
J005653.3-010455 00 56 53.30 -01 04 55.0 12.9 · · · d · · · -1.705 -0.297 -0.256 7.587 0.624 0.412
J005837.2+011326 00 58 37.20 +01 13 26.0 32.6 -0.5426 0.71 13.295 1.918 1.994 40.587 3.017 2.206
J015238.3+002617 01 52 38.30 +00 26 17.0 73.2 -0.0166 1.37 12.295 1.792 1.844 24.587 1.915 1.336
J025356.3-011350 02 53 56.30 -01 13 50.0 130.7 0.1565 1.90 4.295 0.687 0.644 -12.413 -1.098 -0.675
J072805.2+312857 07 28 5.29 +31 28 57.8 28.3 0.1698 1.45, 2.3e 25.295 3.264 3.795 86.587 5.748 4.706
J073406.1+293316 07 34 6.10 +29 33 16.0 103.1 0.1979 · · · 15.295 2.162 2.294 75.587 5.144 4.108
J073858.5+410738 07 38 58.59 +41 07 38.0 7.5 -0.2985 0.46f 21.295 2.844 3.194 83.587 5.586 4.543
J074702.8+324719 07 47 2.80 +32 47 19.0 48.9 0.3509 · · · 1.295 0.216 0.194 11.587 0.940 0.630
J074908.9+301018 07 49 8.90 +30 10 18.0 46.4 0.0615 1.47, 2.24 13.295 1.918 1.994 33.587 2.547 1.825
J075027.1+375934 07 50 27.10 +37 59 34.0 23.9 -0.4026 0.93 -4.705 -0.858 -0.706 18.587 1.474 1.010
J075615.9+251350 07 56 15.90 +25 13 50.0 312.0 · · · d 0.21g 5.295 0.837 0.794 8.587 0.704 0.467
J081454.3+393516 08 14 54.30 +39 35 16.0 12.4 0.1723 · · · 6.295 0.982 0.944 27.587 2.129 1.499
J081508.9+270347 08 15 8.90 +27 03 47.0 40.5 -0.2782h 0.44i 24.295 3.161 3.644 48.587 3.535 2.641
J081732.8+245406 08 17 32.80 +24 54 6.0 21.2 -0.5566 0.38f 6.295 0.982 0.944 3.587 0.299 0.195
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J082332.9+353827 08 23 32.90 +35 38 27.0 164.7 -0.3382 1.00 4.295 0.687 0.644 3.587 0.299 0.195
J083058.1+402621 08 30 58.10 +40 26 21.0 66.0 -0.4612 0.85 7.295 1.125 1.094 7.587 0.624 0.412
J083250.2+380960 08 32 50.20 +38 10 0.0 124.4 -0.3460 0.5f 18.295 2.512 2.744 34.587 2.615 1.880
J083306.5+411435 08 33 6.53 +41 14 35.7 155.3 0.0461 1.44, 2.3 -2.705 -0.478 -0.406 -0.413 -0.035 -0.022
J083401.1+225747 08 34 1.10 +22 57 47.0 25.8 0.0712 1.48, 2.20 15.295 2.162 2.294 46.587 3.408 2.532
J083540.2+142830 08 35 40.26 +14 28 30.5 16.4 -0.2136 0.72f, 1.14j 10.295 1.534 1.544 20.587 1.623 1.119
J083606.7-011320 08 36 6.77 -01 13 20.2 12.1 -0.4319 0.89 10.295 1.534 1.544 33.587 2.547 1.825
J084447.6+253824 08 44 47.60 +25 38 24.0 10.6 -0.1924 1.17 2.295 0.377 0.344 14.587 1.172 0.793
J084619.7+245413 08 46 19.70 +24 54 13.0 35.2 0.0549 1.46, 2.27 3.295 0.534 0.494 -9.413 -0.823 -0.512
J084707.4+283132 08 47 7.42 +28 31 32.1 263.7 -0.3918 0.94 8.295 1.264 1.244 16.587 1.324 0.901
J084820.0+291608 08 48 20.00 +29 16 8.0 25.8 -0.1146 1.26 1.295 0.216 0.194 7.587 0.624 0.412
J085049.8+333328 08 50 49.80 +33 33 28.0 96.9 -0.4351 0.56f 19.295 2.624 2.894 14.587 1.172 0.793
J085354.3+313639 08 53 54.30 +31 36 39.0 78.6 0.3427 · · · 5.295 0.837 0.794 22.587 1.770 1.228
J085632.5+260715 08 56 32.50 +26 07 15.0 171.5 0.1570 1.90 4.295 0.687 0.644 28.587 2.200 1.554
J090120.0+395408 09 01 20.00 +39 54 8.0 17.1 -0.2581 0.49f 11.295 1.664 1.694 33.587 2.547 1.825
J090311.1+574004 09 03 11.19 +57 40 4.0 11.6 -0.4258 0.90 15.295 2.162 2.294 25.587 1.986 1.391
J090808.6+581051 09 08 8.68 +58 10 51.5 25.6 -0.4699 0.62i 15.295 2.162 2.294 58.587 4.154 3.184
J091502.9+164644 09 15 2.93 +16 46 44.7 13.7 0.0210 0.70f, 1.41, 2.44j 5.295 0.837 0.794 16.587 1.324 0.901
J091753.4+243952 09 17 53.40 +24 39 52.0 12.3 -0.1072 1.27 -4.705 -0.858 -0.706 -4.413 -0.379 -0.240
J091928.9+273215 09 19 28.90 +27 32 15.0 52.9 -0.3492 0.99 19.295 2.624 2.894 53.587 3.848 2.912
J092656.3+633255 09 26 56.33 +63 32 55.3 33.6 -0.5197 0.76 11.295 1.664 1.694 18.587 1.474 1.010
J093324.7+060034 09 33 24.76 +06 00 35.0 120.6 · · · k 0.45f -2.705 -0.478 -0.406 0.587 0.049 0.032
J094056.5+253023 09 40 56.50 +25 30 23.0 53.0 -0.5084 0.78 6.295 0.982 0.944 19.587 1.549 1.064
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J094120.4+560542 09 41 20.46 +56 05 42.8 75.3 -0.5305 0.34f 20.295 2.735 3.044 54.587 3.910 2.967
J095406.6+390147 09 54 6.60 +39 01 47.0 18.2 0.4823 · · · -2.705 -0.478 -0.406 -1.413 -0.120 -0.077
J100348.8+411925 10 03 48.80 +41 19 25.0 36.2 0.3304 1.01 19.295 2.624 2.894 15.587 1.248 0.847
J100745.5+580713 10 07 45.54 +58 07 13.4 15.4 -0.5333 0.66i 27.295 3.465 4.095 47.587 3.471 2.586
J100841.7+372513 10 08 41.73 +37 25 13.7 18.0 -0.0455 1.34 25.295 3.264 3.795 23.587 1.842 1.282
J101003.3+301156 10 10 3.34 +30 11 56.1 12.8 -0.1830 1.18 -3.705 -0.665 -0.556 -20.413 -1.864 -1.109
J101045.9+160702 10 10 45.94 +16 07 2.6 18.9 -0.1661 1.20 18.295 2.512 2.744 35.587 2.683 1.934
J101518.6+262756 10 15 18.60 +26 27 56.0 60.8 -0.1978 0.33g 5.295 0.837 0.794 24.587 1.915 1.336
J101544.5+143556 10 15 44.53 +14 35 56.9 20.2 -0.3411 1.00 -4.705 -0.858 -0.706 2.587 0.216 0.141
J101917.3+335230 10 19 17.30 +33 52 30.0 21.7 -0.4124 0.92 -0.705 -0.121 -0.106 5.587 0.463 0.304
J102156.7+405218 10 21 56.78 +40 52 18.2 15.3 -0.5525 0.77f 5.295 0.837 0.794 12.587 1.018 0.684
J102908.6+475752 10 29 8.69 +47 57 52.3 13.7 -0.4122 0.93i 2.295 0.377 0.344 -0.413 -0.035 -0.022
J103413.6+221227 10 34 13.60 +22 12 27.0 40.8 -0.2377 1.12 15.295 2.162 2.294 32.587 2.478 1.771
J103430.7-003513 10 34 30.75 -00 35 13.1 52.2 -0.4631 0.54f 21.295 2.844 3.194 27.587 2.129 1.499
J104254.8+290719 10 42 54.80 +29 07 19.0 33.3 -0.2965 1.04 18.295 2.512 2.744 8.587 0.704 0.467
J104356.5+150051 10 43 56.59 +15 00 51.3 17.6 -0.3516 0.97 7.295 1.125 1.094 58.587 4.154 3.184
J104441.5+234457 10 44 41.50 +23 44 57.0 21.1 · · · h 0.67g -4.705 -0.858 -0.706 -2.413 -0.205 -0.131
J110020.8+240253 11 00 20.80 +24 02 53.0 13.8 0.0543 1.46, 2.27 -6.705 -1.266 -1.006 -21.413 -1.964 -1.164
J110147.6+252758 11 01 47.60 +25 27 58.0 23.2 -0.3281 1.01 17.295 2.397 2.594 45.587 3.343 2.478
J110212.4+341535 11 02 12.40 +34 15 35.0 11.4 -0.4831 0.82 6.295 0.982 0.944 -2.413 -0.205 -0.131
J110529.1+223722 11 05 29.10 +22 37 22.0 161.5 0.1793 · · · 17.295 2.397 2.594 37.587 2.818 2.043
J110653.2+343819 11 06 53.20 +34 38 19.0 39.2 0.4566l · · · -3.705 -0.665 -0.556 -6.413 -0.554 -0.349
J110813.3+280023 11 08 13.30 +28 00 23.0 16.6 0.0597 1.46, 2.25 9.295 1.400 1.394 5.587 0.463 0.304
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J111707.3+305307 11 17 7.30 +30 53 7.0 13.1 -0.4262 0.90 11.295 1.664 1.694 35.587 2.683 1.934
J111837.6+421638 11 18 37.60 +42 16 38.0 23.7 -0.1390 1.23 22.295 2.952 3.344 52.587 3.786 2.858
J112501.6+180919 11 25 1.61 +18 09 19.5 30.5 0.0444 1.44, 2.32 12.295 1.792 1.844 4.587 0.381 0.249
J113435.4+003358 11 34 35.45 +00 33 58.4 23.3 0.0886 1.52, 2.09 2.295 0.377 0.344 14.587 1.172 0.793
J113733.8+300010 11 37 33.80 +30 00 10.0 9.8 -0.3436 0.96m 18.295 2.512 2.744 49.587 3.598 2.695
J115549.2+212256 11 55 49.27 +21 22 56.0 48.4 -0.2582 1.09 9.295 1.400 1.394 21.587 1.696 1.173
J120654.6+290742 12 06 54.60 +29 07 42.0 25.4 -0.3786 0.96 11.295 1.664 1.694 21.587 1.696 1.173
J121712.2+241525 12 17 12.20 +24 15 25.0 16.2 -0.4027 0.93 16.295 2.281 2.444 51.587 3.724 2.804
J121718.4+325319 12 17 18.40 +32 53 19.0 30.8 0.0903 1.53, 2.09 3.295 0.534 0.494 22.587 1.770 1.228
J121723.6+603509 12 17 23.66 +60 35 9.4 17.6 0.1286 1.67, 1.76 2.295 0.377 0.344 33.587 2.547 1.825
J123324.6+355922 12 33 24.60 +35 59 22.0 15.0 -0.3051 1.03 4.295 0.687 0.644 -6.413 -0.554 -0.349
J124228.8+140102 12 42 28.8 +14 01 2.9 36.3 -0.4340 0.88f 8.295 1.264 1.244 17.587 1.400 0.956
J125509.5+381319 12 55 9.50 +38 13 19.0 8.4 -0.4129 0.91 4.295 0.687 0.644 -0.413 -0.035 -0.022
J132304.0+044651 13 23 4.04 +04 46 51.4 24.0 -0.4995 0.79 10.295 1.534 1.544 16.587 1.324 0.901
J132812.3+404722 13 28 12.30 +40 47 22.0 29.9 0.0378 1.43, 2.36 5.295 0.837 0.794 20.587 1.623 1.119
J133437.2+420340 13 34 37.20 +42 03 40.0 6.9 -0.1896 1.17 1.295 0.216 0.194 -6.413 -0.554 -0.349
J133901.9+365516 13 39 01.90 +36 55 16.0 47.9 -0.5008 0.79i 1.295 0.216 0.194 20.587 1.623 1.119
J135838.1+384722 13 58 38.14 +38 47 22.8 16.8 -0.3773 0.96 12.295 1.792 1.844 59.587 4.214 3.238
J142348.7+415244 14 23 48.70 +41 52 44.0 103.7 0.0738 1.49, 2.18 -0.705 -0.121 -0.106 -19.413 -1.765 -1.055
J142558.7+415444 14 25 58.70 +41 54 44.0 149.4 0.0989 1.55, 2.07 6.295 0.982 0.944 18.587 1.474 1.010
J142600.9+301011 14 26 0.90 +30 10 11.0 51.6 -0.1138 0.29f -10.705 -2.183 -1.606 -6.413 -0.554 -0.349
J144207.1+562522 14 42 7.11 +56 25 22.6 13.2 -0.1201 1.25 14.295 2.041 2.144 4.587 0.381 0.249
J144512.8+295136 14 45 12.80 +29 51 36.0 22.4 -0.0814 1.30 5.295 0.837 0.794 14.587 1.172 0.793
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J145510.1+231742 14 55 10.14 +23 17 42.2 11.2 -0.4843 0.63f -0.705 -0.121 -0.106 6.587 0.543 0.358
J145656.0+501748 14 56 56.03 +50 17 48.7 13.4 -0.3832 0.95 14.295 2.041 2.144 44.587 3.279 2.423
J145711.4+255217 14 57 11.40 +25 52 17.0 7.8 -0.3632 0.97 10.295 1.534 1.544 16.587 1.324 0.901
J150013.1+501552 15 00 13.16 +50 15 52.8 77.4 -0.0967 1.28 7.295 1.125 1.094 13.587 1.095 0.738
J150429.5+293835 15 04 29.50 +29 38 35.0 18.7 -0.1099 1.27 -10.705 -2.183 -1.606 -11.413 -1.005 -0.620
J151236.9+264806 15 12 36.90 +26 48 6.0 18.5 0.6685 0.67f 8.295 1.264 1.244 33.587 2.547 1.825
J151952.6+341635 15 19 52.60 +34 16 35.0 22.4 0.1552 1.9 5.295 0.837 0.794 -5.413 -0.466 -0.294
J152141.4+520059 15 21 41.45 +52 00 59.0 50.4 0.1657 0.71f -7.705 -1.481 -1.156 6.587 0.543 0.358
J152647.5+554859 15 26 47.57 +55 48 59.3 154.5 -0.1865 1.17 7.295 1.125 1.094 37.587 2.818 2.043
J152822.1+310934 15 28 22.10 +31 09 34.0 137.5 -0.5356 0.57f 7.295 1.125 1.094 29.587 2.270 1.608
J155607.6+251808 15 56 7.60 +25 18 8.0 12.5 -0.0132 1.37 5.295 0.837 0.794 -3.413 -0.292 -0.186
J163931.3+285433 16 39 31.30 +28 54 33.0 65.8 · · · d · · · -2.705 -0.478 -0.406 45.587 3.343 2.478
J170614.5+243707 17 06 14.55 +24 37 7.8 18.4 -0.4910 0.71i 24.295 3.161 3.644 66.587 4.629 3.619
J170919.4+222614 17 09 19.39 +22 26 14.0 20.8 -0.3865 0.33f 4.295 0.687 0.644 -6.413 -0.554 -0.349
J172248.2+542400 17 22 48.21 +54 24 0.5 15.5 -0.2027 1.16 20.295 2.735 3.044 78.587 5.311 4.271
J232457.8+005529 23 24 57.80 +00 55 29.0 163.4 0.1296 1.68, 1.73 3.295 0.534 0.494 22.587 1.770 1.228
J233820.5-005555 23 38 20.50 -00 55 55.0 109.8 -0.2990 1.04 12.295 1.792 1.844 5.587 0.463 0.304
Quasars
J010329.5+004055 01 03 29.50 +00 40 55.0 115.3 0.4093 1.433 0.295 0.050 0.044 12.587 1.018 0.684
J012248.0-093546 01 22 48.07 -09 35 46.9 37.0 0.1052 0.784 2.295 0.377 0.344 10.587 0.862 0.575
J073320.4+272103 07 33 20.49 +27 21 3.6 275.2 0.0903 2.938 25.295 3.264 3.795 58.587 4.154 3.184
J075228.6+375053 07 52 28.60 +37 50 53.0 395.7 0.3150 1.208 4.295 0.687 0.644 12.587 1.018 0.684
J082643.4+143427 08 26 43.46 +14 34 27.6 113.4 0.1303 2.312 3.295 0.534 0.494 24.587 1.915 1.336
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J083951.6+292818 08 39 51.60 +29 28 18.0 138.7 0.3556 1.136 1.295 0.216 0.194 12.587 1.018 0.684
J090102.7+420746 09 01 2.70 +42 07 46.0 20.6 0.3712 1.621 5.295 0.837 0.794 29.587 2.270 1.608
J090745.5+382740 09 07 45.50 +38 27 40.0 160.6 0.2928 1.743 17.295 2.397 2.594 43.587 3.214 2.369
J093329.8+474802 09 33 29.90 +47 48 2.7 74.4 -0.2690 0.756 4.295 0.687 0.644 19.587 1.549 1.064
J094014.7+260329 09 40 14.71 +26 03 29.9 462.2 0.2248 0.790 7.295 1.125 1.094 53.587 3.848 2.912
J095649.8+251515 09 56 49.87 +25 15 16.0 1080.1 0.3422 0.708 9.295 1.400 1.394 36.587 2.751 1.988
J095810.0+264929 09 58 10.03 +26 49 29.1 102.3 0.4502 1.502 -0.705 -0.121 -0.106 3.587 0.299 0.195
J103256.8+262335 10 32 56.85 +26 23 35.1 17.3 0.1147 2.180 6.295 0.982 0.944 38.587 2.885 2.097
J104441.4+522654 10 44 41.46 +52 26 54.3 6.0 0.0763 0.748 -3.705 -0.665 -0.556 23.587 1.842 1.282
J110329.0+461401 11 03 29.05 +46 14 1.7 53.8 0.3324 1.180 -0.705 -0.121 -0.106 -1.413 -0.120 -0.077
J110903.2-002543 11 09 3.28 -00 25 43.9 15.6 0.3503 1.334 4.295 0.687 0.644 42.587 3.149 2.314
J111220.7+260113 11 12 20.70 +26 01 13.0 54.2 0.1894 0.729 -13.705 -2.987 -2.056 -27.413 -2.580 -1.490
J121128.5+505253 12 11 28.56 +50 52 53.5 249.4 0.3825 1.364 19.295 2.624 2.894 67.587 4.687 3.673
J122759.4+201217 12 27 59.46 +20 12 17.5 31.0 0.4527 1.786 -2.705 -0.478 -0.406 -4.413 -0.379 -0.240
J125209.6-001553 12 52 9.66 -00 15 53.4 166.1 0.2725 0.814 6.295 0.982 0.944 16.587 1.324 0.901
J130729.2+274659 13 07 29.25 +27 46 59.4 51.3 0.2655 1.138 2.295 0.377 0.344 24.587 1.915 1.336
J132903.2+253110 13 29 3.20 +25 31 10.0 88.5 0.3062 0.988 4.295 0.687 0.644 37.587 2.818 2.043
J133227.8+213507 13 32 27.88 +21 35 7.7 26.4 0.1195 2.739 3.295 0.534 0.494 22.587 1.770 1.228
J133449.7+312824 13 34 49.70 +31 28 24.0 47.3 0.4400 1.309 -2.705 -0.478 -0.406 -8.413 -0.732 -0.457
J141155.2+341510 14 11 55.20 +34 15 10.0 200.1 0.3072 1.818 17.295 2.397 2.594 57.587 4.093 3.130
J142108.5+111819 14 21 8.55 +11 18 19.7 29.3 0.2751 1.701 -3.705 -0.665 -0.556 -12.413 -1.098 -0.675
J142242.5+041439 14 22 42.51 +04 14 39.1 198.6 0.2362 0.972 0.295 0.050 0.044 32.587 2.478 1.771
J143331.9+190711 14 33 31.90 +19 07 12.0 108.5 -0.0196 2.357 -1.705 -0.297 -0.256 -9.413 -0.823 -0.512
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Figure 5.5 shows the distribution of the overdensities surrounding each bent
AGN. While there are approximately an equal number of potential clusters that are
only counted within two arcmin (defined as ∆N ≥ 20 within two arcmin) as compared
to potential clusters that only appear within one arcmin (defined as ∆N ≥ 10 within
one arcmin), this is not the case with the quasars. If we look specifically at the 33
quasars, there are eight that have an excess of 10 or more within a radius of one
arcminute as compared to the background. This gives an association rate of 24%.
If we expand the search radius to two arcminutes and increase the excess to 20 or
more sources, then an additional 11 sources fit the criteria, in addition to the eight
that had excesses within one arcminute. This brings the total to 19, and increases
the association rate to 58%. Out of the ones that are only considered clusters if we
expand the search radius, only one could be considered borderline. The AGN that
have overdensities in both search radii are all at z > 0.9. It is possible that the ones
that only have overdensities in the larger search radius are not as centrally peaked,
and are in the process of merging.
5.3 Redshift Estimates
For those sources that were observed in both the 3.6 µm and 4.5 µm bands,
we used the color of the radio host to determine a preliminary redshift. To find the
host galaxy, we did a radial search (expanding in radius until a match was returned)
around the coordinates of the radio source as defined above (listed in Columns 2
and 3 of Table 5.1), assuming that the closest match was the host. We then visu-
ally inspected the radio contours overlaid on the Spitzer images to determine if there
was a better match. Once the host was determined, we used the galaxy model code
EzGal (Mancone & Gonzalez 2012) with a Salpeter initial mass function, metallic-
ity of 0.02, and a Bruzual & Charlot (2003) simple stellar population model with a
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Table 5.1: (continued)
One Arcminute Two Arcminutes
Object RA (J2000) Dec (J2000) S (mJy)a Colorb zc ∆N Poisson Gaussian ∆N Poisson Gaussian
J143817.6+491233 14 38 17.63 +49 12 33.8 19.2 0.3411 3.268 11.295 1.664 1.694 38.587 2.885 2.097
J154638.3+364420 15 46 38.30 +36 44 20.0 101.5 0.4037 0.939 16.295 2.281 2.444 59.587 4.214 3.238
J155000.5+294953 15 50 0.59 +29 49 53.5 23.3 0.1515 2.346 -10.705 -2.183 -1.606 12.587 1.018 0.684
J164611.2+512915 16 46 11.26 +51 29 15.3 16.3 -0.2753 0.970 14.295 2.041 2.144 32.587 2.478 1.771
J222729.1+000522 22 27 29.11 +00 05 22.0 178.6 0.1854 1.513 17.295 2.397 2.594 57.587 4.093 3.130
a20 cm flux density as measured by FIRST
bColor is defined as [3.6 µm − 4.5 µm ]
cUnless otherwise noted, the redshifts are derived from the color of the source associated with the radio contours. See text for more
detail. Quasar redshifts are spectroscopically determined.
dNo host could be identified.
eWhile the listed color is too red to determine a redshift based on our models, examining the surrounding sources yields the listed
redshift.
fPhotometric redshift available in SDSS.
gIdentified in the SDSS Digital Release 6 Galaxy Clusters Catalog.
hThe listed coordinates of the radio source are not those of the identified host. The identified host of the radio source was not at the
center of the search radius used to calculate an overdensity.
iSpectroscopic redshift from SDSS.
jPhotometric redshift from SDSS is not consistent with redshift from color, so all are listed.
kColor could not be determined due to nearby saturated pixels.
lObject identified as host is identified as a star in SDSS.
mSpectroscopically determined redshift from Blanton et al. (2003). Redshift from the color is 0.99.
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Fig. 5.5: Distribution of excess sources above background within two arcmin plotted
against the excess above background within one arcmin in the COBRA fields. Quasars
are plotted as red triangles, while non-quasars are black circles. The vertical dashed
line marks an overdensity of 10 (i.e. anything to the right would be considered a
cluster looking within a one arcmin radius region) and the horizontal dashed line
marks an overdensity of 20 (i.e. anything above that line would be a considered a
cluster with a search radius of two arcmin). ∆N = 0 indicates that the number of
sources surrounding the active galactic nuclei (AGN) is equal to the mean background
value. Any ∆N > 0 indicates an excess above the mean background (solid black lines).
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formation redshift of z = 3 to relate our measured colors to redshifts. Based on
the limiting magnitude of SDSS, we assume that all host galaxies have a redshift
z > 0.7, unless otherwise noted. For those hosts that have a degenerate redshift at
the high-redshift end, we list both possibilities.
There are some sources in Table 5.1 that have either spectroscopic or photometric
redshifts, 18 of which are below our original redshift estimate of z ≈ 0.7. Of those 18,
11 are sources that we identify as overdensities. These sources were not found in the
original search by Wing & Blanton (2011) due to either errors in the position of the
estimate of the radio source core or the magnitude limit cutoff in the original search.
The majority of the redshifts determined from the Spitzer colors of the sources are
consistent (within errors) with the redshifts listed in SDSS. For the few that are not,
we have made a note in the table.
5.4 Individual Clusters
We have selected a few examples of potential clusters to discuss in more detail.
For some of these sources we have redshifts (either photometric or spectroscopic). For
those sources with redshifts, we also discuss the extent of the radio source and the
radio luminosity of the source. We can use Equation (3.5) (taking into account the
high redshift of our clusters) to calculate the radio luminosity of the source. For all of
our sources, we assume a spectral index of α = 0.8, as that is typical for extragalactic
radio sources (Sarazin 1988). We take 1500 MHz as our reference frequency, and keep
the same integration limits of 107 Hz to 1011 Hz. The radio flux density for each
source was measured at 20 cm by FIRST.
5.4.1 J012058.9+002140
J012058.9+002140 (Figure 5.7) was observed with Spitzer at 3.6 µm only, so we
were unable to estimate a redshift. We also have Discovery Channel Telescope (DCT)
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Fig. 5.6: Spitzer [3.6 µm- 4.5 µm] color as a function of redshift. Objects with
redshifts less than z ∼ 0.7 have been measured in the SDSS. Therefore, sources
without SDSS measurements are at z > 0.7, so we can use the color estimate to
determine a redshift between z ∼ 0.7 and z ∼ 1.3. At z > 1.3, there are degeneracies.
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optical observations for this source. It has an overdensity of 30 sources within one
arcminute and an overdensity of 27 sources within two arcminutes. This corresponds
to a Gaussian overdensity of 4.5σ and 1.6σ, respectively. The lobes of the radio source
extend 21.′′4. At a redshift z = 1.0 this corresponds to 171.4 kpc, and at the likely
lower limit of z = 0.7 this corresponds to 153 kpc.
Fig. 5.7: Left panel: SDSS-r image of the area around J012058.9+002140. Right
panel: Spitzer 3.6 µm image. The Very Large Array (VLA) FIRST radio contours are
overlaid on both panels, and the circle in both panels is one arcminute in radius. The
radio host is not visible in the SDSS-r band, but becomes visible in the 3.6 µm Spitzer
image, along with additional sources.
5.4.2 J081708.2+222417
J081708.2+222417 (Figure 5.8) was only observed at 3.6 µm, and as such we
could not estimate a redshift. It is, however, one of the most overdense regions in our
sample. Within one arcminute, it has an overdensity of 35 sources, which corresponds
to a Gaussian significance of 5.3σ. Increasing the search radius to two arcminutes, the
Gaussian significance of the overdensity grows to 5.6σ, with an excess of 103 sources.
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The extent of the radio source is 39.′′5, which corresponds to 316.3 kpc if we assume
a redshift of z = 1.0. At z = 0.7, the likely lower limit of the redshift, its extent is
284 kpc. This is a good candidate for follow-up with the DCT.
Fig. 5.8: Left panel: SDSS-r image of the area around J081708.2+222417. Right
panel: Spitzer 3.6 µm image. The VLA FIRST radio contours are overlaid on both
panels, and the circle in both panels is one arcminute in radius. The radio host is not
visible in the SDSS-r band, but becomes visible in the 3.6 µm Spitzer image, along
with additional sources. This is one of the most overdense regions in our sample.
5.4.3 J091928.9+273215
J091928.9+273215 (Figure 5.9) was observed in both bands, and is an example
of a moderately overdense region. It has an overdensity of 19 within one arcminute
and an overdensity of 53 within two arcminutes. This corresponds to a Gaussian
overdensity of 2.9σ within both radii. Because we had observations in both bands, we
were able to use the color of the host to estimate a preliminary redshift, as discussed
above. We find that this source has an approximate redshift of z = 1.0. It extends
50.′′8, which corresponds to 407 kpc at this redshift. Its radio luminosity is Lrad =
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4.64× 1043 erg s−1, using a luminosity distance DL = 6607.2 Mpc and a 20 cm radio
flux density of S0 = 52.9 mJy. This is a prime candidate for follow-up observations
with the DCT.
Fig. 5.9: Left panel: SDSS-r image of the area around J091928.9+2732156. Right
panel: Spitzer 3.6 µm image. The VLA FIRST radio contours are overlaid on both
panels, and the circle in both panels is one arcminute in radius (500 kpc, based on
the estimated redshift of z = 1.0). The radio host is not visible in the SDSS-r band,
but becomes visible in the 3.6 µm Spitzer image, along with additional sources.
5.4.4 J104254.8+290819
J104254.8+290819 (Figure 5.10) was observed in both bands. It has an overden-
sity within one arcminute of 18, which corresponds to a Gaussian significance of 2.5σ.
It is not overdense within two arcminutes. Because it was observed in both bands,
we were able to estimate its redshift to be z = 1.04. It extends 54.′′3, which corre-
sponds to 438.7 kpc at this redshift. Its radio luminosity is Lrad = 3.23×10
43 erg s−1,
using a luminosity distance DL = 6935.5 Mpc and a 20 cm radio flux density of
S0 = 33.3 mJy. This candidate has DCT follow-up observations.
144
Fig. 5.10: Left panel: SDSS-r image of the area around J104254.8+290819. Right
panel: Spitzer 3.6 µm image. The VLA FIRST radio contours are overlaid on both
panels, and the circle in both panels is one arcminute in radius (485 kpc, based on
the estimated redshift of z = 1.04). The radio host is not visible in the SDSS-r band,
but becomes visible in the 3.6 µm Spitzer image, along with additional sources.
5.4.5 J141155.2+341510
J141155.2+341510 (Figure 5.11) is a quasar with redshift of 1.82 and has an
overdensity within both one and two arcminutes. Within a one arcminute radius
(506 kpc), it has an overdensity of 17, which corresponds to 2.6σ when compared to
the Gaussian fit of the background. Within a two arcminute radius the overdensity
becomes even more significant, jumping up to 3.1σ, which corresponds to 57 sources
above the background. While the quasar is visible in the SDSS-r image, the majority
of the other sources are not. The lobes of the quasar are 35.′′8 (709 kpc) in extent.
The total radio luminosity is Lrad = 8.25× 10
44 erg s−1, using a luminosity distance
of DL = 13840.7 Mpc and a reference radio flux density of S0 = 200.1 mJy. This
source also has optical observations taken with the DCT.
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Fig. 5.11: Left panel: SDSS-r image of the area around J141155.2+341510, which
has redshift z = 1.82. Right panel: Spitzer 3.6 µm image. The VLA FIRST radio
contours are overlaid on both panels, and the circle in both panels is one arcminute
in radius (506 kpc). The radio host is visible in both images; however in the Spitzer
image other sources become visible.
5.4.6 J145023.3+340123
J145023.3+340123 (Figure 5.12) is an example of a very overdense region within
one arcminute but with no overdensity within two arcminutes. It was observed at
3.6 µm only, although it has been observed at optical wavelengths by the DCT.
It has an overdensity of 27 within one arcminute which corresponds to a Gaussian
overdensity of 4.1σ. The extent of the radio source is 23.′′2. If we assume a redshift
of z = 1.0, which corresponds to 185.8 kpc, and at the likely lower limit of z = 0.7
the extent is 165.8 kpc.
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Fig. 5.12: Left panel: SDSS-r image of the area around J145023.3+340123. Right
panel: Spitzer 3.6 µm image. The VLA FIRST radio contours are overlaid on both
panels, and the circle in both panels is one arcminute in radius. The radio host is not
visible in the SDSS-r band, but becomes visible in the 3.6 µm Spitzer image, along
with additional sources.
5.4.7 J170614.5+243707
J170614.5+243707 (Figure 5.13) is another highly overdense region in our sam-
ple. It was observed in both bands, and has a redshift of z = 0.71, which was
confirmed spectroscopically in the SDSS. It has an overdensity of 24 sources within a
one arcminute region, which corresponds to a Gaussian significance of 3.0σ. Within
two arcminutes the overdensity is 78, which corresponds to a Gaussian significance
of 4.3σ. The radio lobes extend 46′′ (330.6 kpc). The total radio luminosity of this
source is Lrad = 6.73× 10
42 erg s−1. This was calculated using a luminosity distance
DL = 4334.1 Mpc and a reference flux density S0 = 18.4 mJy. This source is also a
good candidate for follow-up observations with the DCT.
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Fig. 5.13: Left panel: SDSS-r image of the area around J170614.5+243707. Right
panel: Spitzer 3.6 µm image. The VLA FIRST radio contours are overlaid on both
panels, and the circle in both panels is one arcminute in radius (430 kpc, based on the
spectroscopically confirmed redshift of z = 0.71). The radio host is not visible in the
SDSS-r band, but becomes visible in the 3.6 µm Spitzer image, along with additional
sources. This is another highly overdense region.
5.4.8 J222729.1+000522
J222729.1+000522 (Figure 5.14) is a quasar with a redshift of 1.513. It has an
overdensity of 17 within a one arcminute radius (508 kpc), which corresponds to a
significance of 2.6σ when compared with the Gaussian fit to the background. Within
two arcminutes, there is an overdensity of 57, which corresponds to a significance of
3.1σ. As with J141155.2+341510, the overdensity is larger if we increase the search
radius to two arcminutes. The lobes of the quasar extend 30.′′9 (261.5 kpc), and it has
a radio luminosity Lrad = 4.6×10
44 erg s−1. The radio luminosity was calculated using
a luminosity distance DL = 11025.2 Mpc and a reference flux density S0 = 178.6 mJy.
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Fig. 5.14: Left panel: SDSS-r image of the area around J222729.1+000522, which
has redshift z = 1.51. Right panel: Spitzer 3.6 µm image. The VLA FIRST radio
contours are overlaid on both panels, and the circle in both panels is one arcminute
(508 kpc) in radius. The radio host is visible in both bands, but many more galaxies
become visible in the infrared image. As with J141155.2+341510, the significance of
the overdensity increases with the larger search radius.
5.5 Conclusions
The high-redshift COBRA survey consists of 646 bent, double-lobed radio
sources observed with Spitzer in the 3.6 µm band (135 of these 646 sources were
also observed at 4.5 µm). Thirty-three of these sources are quasars with known red-
shifts above z = 0.7. We found 282 fields that had overdensities surrounding the
radio source of either 10 or more within a one arcminute radius as compared to the
SpUDS background or an overdensity of 20 or more within a two arcminute radius as
compared to the background (or both). These approximately 300 over-dense regions
are likely high-redshift clusters. We were able to estimate redshifts for 92 of the 102
non-quasar sources that were observed in both the 3.6 µm and 4.5 µm bands. In
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Chapter 6, we will present the redshift distribution of our sources, as well as the
color-magnitude diagrams for those sources that we have identified as residing in
clusters.
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Chapter 6
Redshifts and Color-Magnitude Diagrams
of the COBRA sources
6.1 Redshifts
In Table 5.1 we list the redshifts of objects that were observed in both the
3.6 µm and 4.5 µm bands by Spitzer (this includes those radio sources identified as
quasars). For a description of how the redshifts were calculated, see Section 5.2. Fig-
ure 6.1 shows the redshift distribution of the Clusters Occupied by Bent Radio Active
Galactic Nuclei (AGN) (COBRA) fields for which we could determine a redshift. We
include all the sources (dashed black line); we also separately show the distribution
for our potential clusters (solid red line). All of the quasars in our sample have red-
shifts greater than z = 0.7; 19 of the regions surrounding the quasars were identified
as cluster candidates. There are 102 non-quasar sources observed in both the 3.6 µm
and the 4.5 µmSpitzer bands. Of these 102, 56 were identified as possible clusters
based on the criteria in Chapter 5. We were only able to estimate redshifts for 92
of the sources. The sources we were not able to estimate a redshift for were either
too red to use the color-redshift relation or did not have an identifiable host. Of the
10 we were not able to estimate redshifts for, five were cluster candidates. Of the
51 cluster candidates with redshifts, 39 have z > 0.7. All of the ones with redshifts
z < 0.7 were either spectroscopically or photometrically identified in the Sloan Digital
Sky Survey (SDSS). These were likely not found because the coordinates of the host
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Fig. 6.1: Histogram of the redshift distribution of all sources with an estimated (or
known, in the case of the quasars) redshift. The solid red line shows the distribution
of sources identified as clusters. The vertical line is at z = 0.7. For sources with
degenerate redshift estimates, we used the lower one for the histogram.
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were not identified correctly in the original determination, or the SDSS-r magnitude
was higher than 22, which was the cutoff used in Wing & Blanton (2011). The core
of the radio source was determined visually in the visual-bent sample; however in
the auto-bent sample the coordinates of the core were determined to be the compo-
nent opposite the longest side when making a triangle of the three components. Our
objects range in redshift up to z ≈ 3.3.
6.2 Color Magnitude Diagrams for COBRA Cluster Candi-
dates
For those sources identified as clusters and with redshifts (either photometric or
spectroscopic), we construct color-magnitude diagrams (CMDs) so that we can search
for the cluster-red-sequence (CRS). In addition to being useful for confirming cluster
candidates, we can also use the CRS to study the evolution of galaxies in clusters and
compare it to the evolution of galaxies in the field. We can also use the red sequence
to understand how the elliptical population in clusters develops. By comparing the
CRS of high-redshift clusters with the CRS of low-redshift clusters we can determine
when red ellipticals form. A deficit of faint galaxies on the CRS in high-redshift
clusters would indicate that more massive galaxies evolve faster in clusters than in
the field and that less massive cluster galaxies are still forming stars. Alternatively,
if there is a constant fraction of red galaxies on the CRS with redshift, that would
indicate that the galaxies finished forming stars before joining the cluster at some
redshift higher than the highest redshift cluster in our sample. This has been done
by Krick et al. (2008), who analyzed the CRS of clusters at two different redshifts.
They found that the clusters at z = 1 had a lower fraction of faint galaxies on the
red sequence when compared to a low-redshift cluster.
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To create the CMDs, we ran SExtractor on trimmed (3.′5×3.′5) 3.6 µm and
4.5 µm Spitzer images for our cluster candidates in dual-image mode using the same
parameters as described in Section 2.3.1. Dual-image mode detects the sources in one
image (in this case the 3.6 µm image) and then uses the same apertures to perform
photometry on the second image (the 4.5 µm image). Thus the same apertures are
used in both images. We used the automatic aperture photometry calculated in
SExtractor (see §5.1 for more details).
We limited our analysis to sources with magnitudes brighter than m = 23 in
both bands, as well as sources within two arcminutes of the given radio coordinates
(although as mentioned above, these coordinates are not necessarily the center of
the cluster). These limits were selected based on the increasingly large error bars on
the SExtractor magnitudes at the faint end and the original search radius used for
determining galaxy counts surrounding the radio sources.
The red sequence is often difficult to identify by eye. With no spectroscopy to
identify cluster members, we selected for cluster members using their colors. We used
the redshift of the radio host to estimate the cluster redshift (see §5.3 for details on
the model used to estimate the redshift). We then used that redshift to determine the
range of redshifts that members of the cluster would likely have using the relationship
∆z =
∆v
c
(1 + zhost) . (6.1)
Here, c is the speed of light, ∆v is the velocity difference between the radio host and
the potential cluster members, and zhost is the redshift of the radio host. We use
∆v = 2000 km s−1 to include any possible merging systems along the line-of-sight.
Once the redshift range has been determined, we converted it back to a color range
using a fit to the slope of the redshift-color relationship described in Section 5.2. As
seen in Figure 5.6, the slope of the color-redshift relation varies depending on the
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redshift. To account for this variability, we restricted our fit to the redshift range
zhost ± 5∆z so as to get the best possible fit and avoid any turning points. After
determining the color range corresponding to the redshift range of interest, we also
added (or subtracted) twice the error from the color of the radio host. Once the cluster
galaxies were identified based on this color range, we fit a line to their distributions
on the CMDs. This is our fiducial red sequence.
Figures 6.2 and 6.3 show the red sequences for our cluster candidates for both the
non-quasars (Figure 6.2) and the quasars (Figure 6.3). All CMDs have a sequence of
objects with a 3.6 µm − 4.5 µm color of ≈ −0.5 that extends to bright magnitudes.
Many of these sources are foreground stars in the field. As we go towards higher
redshifts, the location of the red sequence moves redward. Additionally, as we go
towards higher redshifts there are fewer and fewer galaxies with bright apparent
magnitudes, and thus the red sequence becomes shorter.
Looking at Figure 6.3, many of the quasars lie off of the red sequence and
are significantly redder than their redshift would suggest. This is because the red
sequence only applies to quiescent galaxies. The quasar redshifts were determined
spectroscopically from the SDSS. Using the method described above, however, we
are able to locate other galaxies that may be part of the clusters using the quasars’
spectroscopic redshifts and fit a red sequence to them.
The slope of the CRS is set by the metallicity of the cluster (Kodama & Arimoto
1997). As we move towards higher redshift, we expect the slope to steepen (become
more negative)–the fainter galaxies are bluer and the brighter galaxies are redder.
The mass-metallicity relationship arises because galactic winds are more effective at
removing metals from lower-mass potential wells (Tremonti et al. 2004). Thus the
most massive galaxies in the cluster are more metal-rich and appear redder than less
massive galaxies in the cluster. We see this in the majority of our cluster CMDs;
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Fig. 6.2: CMDs for two arcminute radius fields surrounding the radio sources for
objects observed in both bands. The fiducial red sequence is plotted as a solid line.
Members are plotted as red triangles, and the radio host is an aqua diamond.
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Fig. 6.2: (continued)
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Fig. 6.2: (continued)
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Fig. 6.2: (continued)
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Fig. 6.2: (continued)
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Fig. 6.2: (continued)
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Fig. 6.2: (continued)
162
Fig. 6.2: (continued)
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Fig. 6.2: (continued)
however 21 of the 66 clusters show the opposite trend. It is possible that our cluster
member detection algorithm did not effectively pick out cluster members for these
sources. In addition, the errors are large for the colors of faint sources. There does
not appear to be a trend of red sequence slope with either redshift or overdensity
significance. More follow-up observations in additional bands are required to fully
understand the red sequence evolution in these sources.
To start comparing the fraction of faint galaxies to bright galaxies as a function
of redshift, we first need to calculate the absolute magnitude of each of the cluster
sources to ensure that we are probing the same magnitude range. While it is possible
in theory to attempt this with the fiducial red sequence, the redshift estimates are
very rough and there are likely interlopers in our selection of cluster members. We
would like to refine our algorithm further before undertaking any analysis of the red
sequence. We will also perform similar analysis on all of our cluster candidates, not
just those for which we currently have dual band detections. This requires additional
follow-up Spitzer images and/or follow-up images in the optical or near-infrared bands.
Deep optical imaging is being performed by our group using the Discovery Channel
Telescope (DCT) with the Large Monolithic Imager. To date, 50 fields have been
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Fig. 6.3: CMDs for two arcminute radius fields surrounding the quasars for objects
observed in both bands. The fiducial red sequence is plotted as a solid line. Members
are plotted as red triangles, and the radio host is an aqua diamond.
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Fig. 6.3: (continued)
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Fig. 6.3: (continued)
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observed deeply using the SDSS-r and/or SDSS-i filters. Analysis of these data is
ongoing with the details beyond the scope of this dissertation.
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Chapter 7
X-ray Observations of COBRA Sources
Galaxy clusters are luminous X-ray sources. X-ray surveys are used to detect
the emission from the intracluster medium (ICM), which appears extended in ob-
servations. Clusters are the most common bright, extended, extragalactic sources.
X-ray observations can be used to determine properties of a cluster, such as mass and
temperature.
With so few known high-redshift clusters, it is difficult to fill in the LX −T rela-
tion, which shows how the X-ray luminosity of a cluster scales with its temperature.
The theoretical relation (LX ∝ T
2) is derived assuming that clusters are self-similar;
however observations have found that the relation is steeper than predicted in clusters
with cooling flows. The cooling flow also contributes to a large amount of the ob-
served scatter in the relation (Mittal et al. 2011). We would like to be able to examine
this relation at all size-scales and all redshifts to further understand deviations from
theory. Since our sample consists solely of clusters with active galactic nuclei (AGN),
we will be able to see how such a subset of clusters falls on the LX − T relation.
Mittal et al. (2011) found that AGN heating affects the ICM gas more in less massive
clusters; however they did not have a large enough sample of low mass clusters to fully
explore this. Feedback has been studied in poor clusters and in groups by Sun et al.
(2009). They created X-ray gas temperature profiles, and found that feedback from
the AGN was able to explain the properties of the ICM that they saw; however their
sample was limited to clusters and groups at low redshift. Baryon physics dominates
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over gravity in low mass systems, few of which are known at high redshifts. Thus an
X-ray sample of low-mass, high-redshift clusters is critically important for filling in
information about the interaction between the AGN and the ICM.
With deep X-ray observations of our best cluster candidates, we will be able to
look for surface brightness deficits in the ICM coincident with the radio lobes, similar
to the analysis performed for Abell 2029 (A2029) and Abell 98 (A98). There are very
few detailed analyses of the ICM for high-redshift clusters.
In addition to feedback, X-ray observations can provide information about the
fraction of AGN as compared to the total number of galaxies in a cluster. This was
done by (Martini et al. 2009), who found that AGN activity increases with redshift
out to z ∼ 1.3. We will measure the AGN fraction of our sources to see if this trend
continues at higher redshifts.
X-ray observations can also be used to put constraints on cosmological param-
eters, such as the dark energy density, via measurement of the gas fraction of the
cluster (Mgas/Mtot), since the matter content of clusters is similar to that of the uni-
verse. The baryonic mass fraction, which is dominated by the X-ray emitting gas in
the largest clusters, should be invariant with redshift; however this will only be the
case when the assumed cosmology matches the true cosmology. This does not require
a complete sample, although it does work best for the hottest, most massive, relaxed
clusters in the sample, as such clusters are likely to deviate the least from hydrostatic
equilibrium, making it significantly easier to calculate the total mass (Allen et al.
2004, 2008).
7.1 X-Ray Observations
Here we search the archives of Ro¨ntgensatellit (ROSAT), Einstein, XMM-
Newton, and Chandra, as well as their sub-catalogs to determine whether any of our
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sources have been observed in the X-ray. We also specifically queried the ROSAT All
Sky Survey (RASS), the ROSAT Pointed Source Catalogs, the 3XMM-DR4 Serendip-
itous Source Catalog, and the Veron Catalog of Quasars and AGN. We used the coor-
dinates of all the sources (listed in Table 5.1), not just those that have been identified
by our survey as possible clusters. We used three different search radii: two arcmin-
utes, five arcminutes, and the default search radius for the given catalog. The results
of the search are summarized in Table 7.1.
There are 560 total sources detected in the ROSAT archives using the default
search radius of 60′, 226 of which are associated with cluster candidates. The field-
of-view is approximately two degrees with the position sensitive proportional counter
(PSPC), and 40′ with the High Resolution Imager (HRI). The RASS was carried
out with the PSPC. In the RASS Bright Source Catalog, there are six total matches
within five arcminutes, one of which is associated with a cluster candidate. In the
RASS Faint Source Catalog, there are 44 total matches, 21 of which are associated
with potential clusters. XMM-Newton has a similarly large field-of-view: 30′. Within
the default search radius of 15′, 33 total matches were found. Of those 33, seven
were associated with cluster candidates. Within a five arcminute search radius, there
were six total matches, two of which are associated with potential clusters. The
Chandra field-of-view is also 30′; however the field-of-view is curtailed depending on
the orientation of the charge-coupled device (CCD) arrays. Using the default search
radius of 21′, there are 104 total matches, of which 37 are associated with potential
clusters. Within a five arcminute search radius, there are 14 total matches, four of
which are associated with potential clusters.
In addition to X-ray catalogs, we also searched the Sloan Digital Sky Survey
(SDSS) data release six (DR6) galaxy clusters catalog. Within five arcminutes there
were 100 matches (many of these may be unrelated) and within 2 arcminutes we found
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37 matches. Eleven of those matches had observations in both bands (3.6 µm and
4.5 µm), so we visually searched the SDSS to see if our radio sources had detected
identifications. Of those eleven, three were close enough to be associated with our
radio sources based on comparison between the photometric redshift of our identi-
fied host and the photometric redshift of the optical source at the position of the
SDSS DR6 identified cluster. Of the three known clusters associated with our radio
sources, only one (J101518.6+2626576) had also been identified as a cluster using the
methods outlined in Chapter 5. This cluster has a redshift of z = 0.33. Forty-three of
the identified clusters with only single-band observations have associations with the
SDSS Cluster Catalog. If we assume that the percentage of associations will be the
same for the sample that only has single-band coverage, then approximately nine of
the identified clusters will have a known redshift below z = 0.7. This would reduce
the number of newly discovered clusters by ∼ 10. For those objects that only have
single-band coverage, we will go through the SDSS to determine if we can visually
identify the host of the AGN, and whether or not it has a listed (usually photometric)
redshift. A small percentage of our cluster candidates may actually have a match in
the SDSS. This is because the coordinates for the auto-bent sources were calculated
via algorithm, and may not actually be the coordinates of the radio host. Addition-
ally, Wing & Blanton (2011) searched for matches brighter than mr = 22, so fainter
matches were not used.
7.1.1 Overdensities
Table 7.2 is similar to Table 7.1 except it shows only the matches for those sources
that were identified as having overdensities. Sources with nearby X-ray detections will
be prioritized when proposing for follow-up observations. Part of our ongoing work is
to determine whether or not any of these detections will be useful in correlating the
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X-ray properties of the sources with the optical/infrared properties of the sources.
We will also correlate the X-ray luminosity of the source with its radio power.
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Table 7.1: X-Ray Matches to the High-Redshift Clusters Occupied by Bent Radio
Active Galactic Nuclei (AGN) (COBRA) Sample
Survey 2′ 5′ Default
Veron Catalog of Quasars and AGN, 13th Edition (2) 74 274 74
ROSAT Archival Data (60) 1 3 560
ROSAT All-Sky Survey Archival Data (270) 0 0 1350
ROSAT All-Sky Survey: Bright Sources (2) 1 6 1
ROSAT All-Sky Survey Bright Source Catalog/Catalog of Principal Galaxies Matches (2) 0 4 0
ROSAT All-Sky Survey: Faint Sources (2) 8 44 8
ROSAT All-Sky Survey Extended Brightest Cluster Sample (3) 0 1 0
ROSAT All-Sky Survey/NVSS Bright X-Ray Source Sample (2) 0 1 0
RASS Bright Source Catalog (RASS-BSC)/2MASS PSC Cross-Associations XID II Catalog (2) 1 6 1
ROSAT All-Sky Survey and SDSS DR5 Sample of X-Ray Emitting AGN (2) 2 8 2
ROSAT All-Sky Survey CALS Galaxy Groups Catalog (3) 1 3 2
ROSAT All-Sky Survey: A-K Dwarfs/Subgiants (2) 0 1 0
ROSAT All-Sky Survey/ASIAGO-ESO QSO Survey Catalog (2) 0 2 0
ROSAT All-Sky Survey/6dF Galaxy Survey Catalog of X-Ray Selected AGN (1) 0 1 0
ROSAT-ESO Flux-Limited X-Ray Galaxy Cluster Survey (3) 0 1 0
ROSAT All-Sky Survey Two Selected Fields Optical Identifications Catalog (2) 0 1 0
ROSAT All-Sky Survey Single Faint Images of the Radio Sky at Twenty-centimeters (FIRST) Matches Catalog (2) 0 1 0
ROSAT Catalog PSPC WGA Sources (1) 8 34 3
ROSAT Results Archive Sources for the PSPC (1) 4 21 3
ROSAT Complete Results Archive Sources for the PSPC (1) 9 53 3
ROSAT Results Archive Sources for the HRI (1) 0 5 0
ROSAT Complete Results Archive Sources for the HRI (1) 2 26 0
ROSAT Deep X-Ray Radio Blazar Survey Catalog (1) 1 1 1
ROSAT Observation Log (60) 1 9 3069
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Table 7.1: (continued)
Survey 2′ 5′ Default
ROSAT Bright Survey (Schwope et al. 2000) (1) 1 4 0
ROSAT Radio-Loud Quasars Catalog (1) 2 3 2
ROSAT Radio-Quiet Quasars Catalog (1) 0 1 0
ROSAT Archival WFC EUV Data (6) 1 3 195
ROSAT All-Sky Survey: Soft High Galactic-Latitude X-Ray Sources (2) 0 1 0
RASS/Green Bank Catalog (2) 3 4 3
Northern ROSAT All-Sky Galaxy Cluster Survey Catalog (2) 0 3 0
Brera Multi-Scale Wavelet ROSAT HRI Source Catalog (1) 1 6 0
XMM-Newton Master Log and Public Archive (15) 2 6 33
XMM-Newton Optical Monitoring Serendipitous UV Source Survey Catalog v2.1 (1) 72 535 20
XMM-Newton Optical Monitoring SUSS Catalog v2.1: Observation IDs (1) 0 3 0
XMM-Newton Slew Survey Full Source Catalog, v1.6 (1) 3 9 2
XMM-Newton Slew Survey Clean Source Catalog v1.6 (1) 2 4 1
XMM-Newton OM Objects (2008 Version) (1) 54 465 15
XMM-Newton OM Object Catalog (0.25) 45 297 2
XMM-Newton Serendipitous Source Catalog (3XMM DR5 Version) (1) 43 233 19
XMM-Newton 2XMMi-DR3 Selected Source Detections Catalog (1) 0 8 0
XMM-Newton 2XMMi-DR3 Selected Source Classifications Catalog (1) 0 4 0
XMM-Newton XAssist Source List (1) 27 186 11
Ensemble X-Ray Variability of AGN in 2XMMi-DR3 (1) 0 2 0
Catalog of AGN in the XMM-Newton Archive (1) 0 1 0
Einstein Image Proportional Counter (IPC) Images (15) 1 3 29
Einstein Catalog IPC EMSS Survey (2) 1 1 1
Einstein IPC Sources Catalog (2) 1 7 1
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Table 7.1: (continued)
Survey 2′ 5′ Default
Einstein IPC Slew Survey (2) 0 2 0
Einstein IPC Ultrasoft Sources Catalog (2) 1 1 1
Einstein IPC Photon Event Data (50) 1 3 167
Einstein IPC Unscreened Photon Event List (5) 1 3 3
Einstein Monitor Proportional Counter (MPC) Raw Data (45) 1 4 363
Einstein FPCS Events Files (60) 0 0 5
Einstein Observatory 2E Catalog of IPC X-Ray Sources (2) 1 5 1
Einstein Two-Sigma Catalog (2) 3 32 3
Einstein Extended Source Survey (10) 1 3 8
Einstein HRI Images (15) 0 0 4
Einstein Catalog HRI ESTEC Sources (1) 0 1 0
Einstein HRI Photon Event Data (30) 0 0 9
Einstein Observatory Clusters of Galaxies Catalog (5) 0 1 1
Radio-Optical-X-ray at ASDC Blazars Catalog (2) 1 3 1
Chandra Observations (21) 4 14 104
Chandra XAssist Source List (1) 27 158 7
Chandra Serendipitous Extragalactic X-Ray Source ID Catalog (1) 0 1 0
Chandra ACIS Survey of Nearby Galaxies X-Ray Point Source Catalog (1) 0 1 0
Chandra ACIS Survey of Nearby Galaxies X-Ray Point Source Catalog Optical Follow-Upa 0 1 0
Chandra variable Guide Star Catalog (1) 0 1 0
All-Sky Optical Catalog of Radio/X-Ray Sources (2) 282 621 282
ChaMP Extended Stellar Survey X-Ray Catalog (1) 1 4 0
Sloan Digital Sky Survey DR6 Galaxy Clusters Catalog (5) 37 100 100
Sloan Digital Sky Survey (DR5)/XMM-Newton Quasar Survey Catalog (1) 0 5 0
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Table 7.1: (continued)
Survey 2′ 5′ Default
Sloan Digital Sky Survey/XMM-Newton Type 1 AGN X-Ray and Radio Properties Catalog (1) 0 1 0
Sloan Digital Sky Survey Quasars Detected by Chandra (1) 0 1 0
Sloan Digital Sky Survey Stripe 82 XMM Source Match Catalog (1) 0 8 0
Byurakan/Hamburg/ROSAT Catalog of Optical IDs (2) 4 9 4
Hamburg/RASS Catalog: X-Ray Sources (2) 1 5 1
Hamburg/RASS Catalog: Optical Identifications (2) 3 16 3
WISE/2MASS/RASS AGN Sample Catalog (1) 1 4 0
Meta-Catalog of X-Ray Detected Clusters of Galaxies (1) 0 3 0
New M Dwarfs in the Solar Neighborhood (1) 0 1 0
Note. — Numbers in parentheses indicate the default search radius, in arcminutes.
aNo default search radius was listed.
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Table 7.2: X-Ray Matches to the High-Redshift COBRA Sample (Potential
Clusters)
∆N > 10 ∆N > 20 ∆N > 10 and ∆N > 20
Survey 2′ 5′ Default 2′ 5′ Default 2′ 5′ Default
Veron Catalog of Quasars and AGN, 13th Edition (2) 6 31 6 15 31 15 13 50 13
ROSAT Archival Data (60) 0 0 49 0 0 37 0 0 140
ROSAT All-Sky Survey Archival Data (270) 0 0 133 0 0 145 0 0 305
ROSAT All-Sky Survey: Bright Sources (2) 0 0 0 0 0 0 1 1 1
ROSAT All-Sky Survey: Faint Sources (2) 0 1 0 3 12 3 2 8 2
RASS-BSC/2MASS PSC Cross-Associations XID II Catalog (2) 0 0 0 0 0 0 1 1 1
ROSAT All-Sky Survey and SDSS DR5 Sample of X-Ray Emitting AGN (2) 0 0 0 1 1 1 0 2 0
ROSAT All-Sky Survey: A-K Dwarfs/Subgiants (2) 0 1 0 0 1 0 0 0 0
ROSAT-ESO Flux-Limited X-Ray Galaxy Cluster Survey (3) 0 0 0 0 1 0 0 0 0
ROSAT All-Sky Survey Two Selected Fields Optical Identifications Catalog (2) 0 0 0 0 1 0 0 0 0
ROSAT Catalog PSPC WGA Sources (1) 0 1 0 1 2 1 1 7 1
ROSAT Results Archive Sources for the PSPC (1) 0 2 0 1 2 1 1 5 0
ROSAT Complete Results Archive Sources for the PSPC (1) 1 6 0 1 2 1 3 8 0
ROSAT Results Archive Sources for the HRI (1) 0 0 0 0 0 0 0 1 0
ROSAT Complete Results Archive Sources for the HRI (1) 0 0 0 0 0 0 0 4 0
ROSAT Deep X-Ray Radio Blazar Survey Catalog (1) 0 0 0 1 1 1 0 0 0
ROSAT Observation Log (60) 0 0 247 0 0 207 0 0 717
ROSAT Bright Survey (Schwope et al. 2000) (1) 0 0 0 0 0 0 1 1 0
ROSAT Radio-Loud Quasars Catalog (1) 0 0 0 2 2 2 0 0 0
ROSAT Archival WFC EUV Data (6) 0 0 16 0 0 12 0 0 45
RASS/Green Bank Catalog (2) 0 0 0 3 3 3 0 0 0
Northern ROSAT All-Sky Galaxy Cluster Survey Catalog (2) 0 0 0 0 0 0 0 1 0
XMM-Newton Master Log and Public Archive (15) 0 0 3 0 0 0 0 2 2
XMM-Newton Optical Monitoring Serendipitous UV Source Survey Catalog v2.1 (1) 0 46 0 0 0 0 1 1 0
XMM-Newton Optical Monitoring SUSS Catalog v2.1: Observation IDs (1) 0 0 0 0 0 0 0 1 0
XMM-Newton Slew Survey Full Source Catalog, v1.6 (1) 0 1 0 2 3 2 0 1 0
XMM-Newton Slew Survey Clean Source Catalog v1.6 (1) 0 1 0 1 1 1 0 1 0
XMM-Newton OM Objects (2008 Version) (1) 0 51 0 0 0 0 0 0 0
XMM-Newton OM Object Catalog (0.25) 0 23 0 0 0 0 0 0 0
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Table 7.2: (continued)
∆N > 10 ∆N > 20 ∆N > 10 and ∆N > 20
Survey 2′ 5′ Default 2′ 5′ Default 2′ 5′ Default
XMM-Newton Serendipitous Source Catalog (3XMM DR5 Version) (1) 4 24 4 0 0 0 2 8 1
XMM-Newton XAssist Source List (1) 2 18 2 0 0 0 3 6 0
Einstein IPC Images (15) 0 0 1 1 1 3 0 1 2
Einstein Catalog IPC EMSS Survey (2) 0 0 0 1 1 1 0 0 0
Einstein IPC Sources Catalog (2) 0 0 0 1 1 1 0 0 0
Einstein IPC Ultrasoft Sources Catalog (2) 0 0 0 1 1 1 0 0 0
Einstein IPC Photon Event Data (50) 0 0 8 1 1 21 0 1 40
Einstein IPC Unscreened Photon Event List (5) 0 0 0 1 1 1 0 1 1
Einstein MPC Raw Data (45) 0 0 18 1 1 31 0 1 76
Einstein Observatory 2E Catalog of IPC X-Ray Sources (2) 0 0 0 1 1 1 0 0 0
Einstein Two-Sigma Catalog (2) 0 3 0 0 11 0 2 4 2
Einstein HRI Photon Event Data (30) 0 0 0 0 0 0 0 0 1
Chandra Observations (21) 0 0 15 1 2 9 1 2 13
Chandra XAssist Source List (1) 0 1 0 1 1 1 10 43 2
All-Sky Optical Catalog of Radio/X-Ray Sources (2) 33 68 33 40 76 40 61 128 61
ChaMP Extended Stellar Survey X-Ray Catalog (1) 0 0 0 0 0 0 0 2 0
Sloan Digital Sky Survey DR6 Galaxy Clusters Catalog (5) 4 18 18 7 20 20 14 22 22
Sloan Digital Sky Survey Quasars Detected by Chandra (1) 0 0 0 0 0 0 0 1 0
Byurakan/Hamburg/ROSAT Catalog of Optical IDs (2) 0 1 0 2 3 2 0 0 0
Hamburg/RASS Catalog: X-Ray Sources (2) 0 0 0 0 0 0 1 1 1
Hamburg/RASS Catalog: Optical Identifications (2) 0 0 0 0 0 0 3 3 3
WISE/2MASS/RASS AGN Sample Catalog (1) 0 1 0 0 0 0 1 1 0
Meta-Catalog of X-Ray Detected Clusters of Galaxies (1) 0 0 0 0 1 0 0 1 0
Note. — Numbers in parentheses indicate the default search radius, in arcminutes.
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Chapter 8
Results and Conclusions
8.1 Results
We have examined the cluster environments of two low-redshift, double-lobed
radio active galactic nuclei (AGN). After a detailed investigation of these low-redshift
environments, we examined how efficient bent, double-lobed radio AGN are at finding
high-redshift galaxy clusters.
The first of the low-redshift clusters, Abell 2029 (A2029), is a very relaxed
cluster. Upon analysis of very deep (∼100 ks) Chandra observations, however, we
have shown that there is a large (≈ 400 kpc) sloshing spiral in the X-ray emitting
intracluster medium (ICM). This spiral structure has resulted from a minor merger
with a subcluster or group that occurred between 2-3 Gyr ago. This sloshing spiral
shows a clear brightness excess in a surface brightness profile. Consistent with theory,
in the region where there is a surface brightness excess there is also a decrease in
temperature compared to the average cluster temperature, as well as an increase
in density. The pressure profile changes smoothly across the boundary, consistent
with what is expected in cold fronts. The cluster emission is best fitted by either a
two-temperature model or a cooling flow model. The two-temperature model gives a
temperature for the warmer gas of kThigh = 11.16
+33.7
−1.63 keV. The temperature of the
cooler gas is kTlow = 5.97
+0.56
−0.68 keV. The cooling flow model yields a temperature of
kThigh = 10.08
+2.30
−1.12 keV for the warmer gas and kTlow = 4.24
+0.80
−0.67 keV for the cooler
gas. The calculated temperatures for both models are consistent with each other.
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The cooling flow model gives a mass deposition rate of M˙= 783+371
−268 M⊙ yr
−1. The
energy input from the AGN is not enough to offset this high cooling rate, and thus a
secondary method of energy injection is required. The sloshing spiral could provide
this mechanism. We estimated the relative velocity between the ICM and the radio
galaxy, and find that it is between 150 km s−1 and 300 km s−1, which is consistent
with sloshing velocities. It is likely that the sloshing gas is causing the asymmetrical
bending of the radio lobes of the central AGN.
The second of the low-redshift clusters, Abell 98 (A98), is a cluster with a com-
plicated merger history. We used both Chandra and XMM-Newton data to analyze
the morphology. There are three subclusters, although an analysis of the cluster dy-
namics using optical data shows that the third subcluster (Abell 98SS (A98SS)) is
not bound to the other two subclusters. The disturbed X-ray morphology of A98SS
and the presence of two brightest cluster galaxies (BCGs) indicate that it is under-
going a separate merger. The two bound subclusters, Abell 98N (A98N) and Abell
98S (A98S), have a 67% chance of being bound. The optical dynamical analysis also
indicates that this is the first time that these subclusters are interacting. There is
evidence that there is a shock forming to the south of A98N, which could be caused by
this interaction. Deeper Chandra observations of the system are required to confirm
that this is indeed a shock. In addition to the north-south merger between A98N
and A98S, A98S also underwent an east-west merger. Like A98SS, A98S also has a
disturbed X-ray morphology and two BCGs are present. A98S hosts a wide angle tail
(WAT) AGN, which is evacuating a cavity in the ICM. This cavity is seen as a sur-
face brightness decrement in an azimuthal surface brightness profile. We searched for
the warm-hot ingergalactic medium (WHIM) between A98N and A98S, but a surface
brightness profile of the region was consistent with the sum of the extended emission
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from the two subclusters. Again, deeper Chandra observations will clarify the exact
nature of the diffuse emission seen in the bridge region.
Detailed observations of individual galaxy clusters, such as those we have pre-
sented for A2029 and A98, provide templates for numerical simulations. These
simulations aim to understand the underlying physics of the ICM by reproducing
the observed morphology. There are only a handful of cases where this has been
done: the Virgo Cluster (Simionescu et al. 2010), Abell 496 (Roediger et al. 2012b),
RXJ1347.5-1145 (one of the most luminous X-ray clusters, Johnson et al. 2012), and
Abell 2052 (Machado & Lima Neto 2015). In addition to using the observations to
constrain the underlying physics, these simulations can put constraints on the merger
history of the cluster, such as time since the merger and the location of the subcluster.
We have shown that double-lobed radio sources reside in a wide range of en-
vironments, including relaxed and merging clusters. They are also associated with
low-redshift clusters (z < 0.7) between 60% and 80% of the time (Wing & Blanton
2011). We observed 646 fields centered around double-lobed radio sources that have
the potential to be associated with high-redshift (z > 0.7) clusters using the Spitzer
Space Telescope. These sources make up the high-redshift Clusters Occupied by Bent
Radio Active Galactic Nuclei (AGN) (COBRA) sample. We find that 282 of the
fields are identified as having overdensities as compared to the background, giving a
cluster association rate of 44%. In addition to the 3.6 µm observations, 135 fields had
observations at 4.5 µm. Thirty-three of those are quasars with a known redshift. For
those of unknown redshift we were able to use the [3.6 µm - 5.4 µm] color to estimate
a redshift for 92 of the radio sources. There are 82 sources with estimated redshifts
z > 0.7. Forty of the fifty-one identified clusters have a redshift z > 0.7, indicating
that bent, double-lobed radio sources work well as targeted tracers of high-redshift
clusters.
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We also created color-magnitude diagrams (CMDs) for our cluster candidates
that were observed in both bands. We found a fiducial red sequence, which will be
used to study the evolution of cluster galaxies by comparing the fraction of bright
galaxies to the fraction of faint galaxies as a function of redshift. This will help put
constraints on the epoch of galaxy formation.
8.2 Future Work
The preliminary results of the high-redshift COBRA survey indicate that we
have identified nearly 300 new, high-redshift clusters. Because of the way they were
selected, they should span a wide range of masses and redshifts. We will use these
clusters to investigate the large-scale structure and dark matter distribution of the
Universe, the cosmological parameters that govern our Universe, and galaxy formation
and evolution. Currently our clusters span in redshift from z = 0.2 up to z = 3.3,
however there are still approximately 250 potential clusters in our sample that do not
have estimated redshifts. The majority of our sources are within the range 0.6 < z <
1.8. We will propose for more Spitzer time to observe these objects in the 4.5 µm
band so that we can continue to make CMDs and estimate redshifts for the remaining
sources. We have already observed 50 fields with the Discovery Channel Telescope
(DCT), and will continue to observe others. We can use a similar procedure to that
in Section 6.1 to create CMDs from those observations and estimate redshifts.
We will refine our red sequence procedure so that we can compare the fraction
of faint galaxies and bright galaxies in each cluster and examine if it changes with
redshift. To do this, we need to get absolute magnitudes of our sources to ensure that
we are comparing the same range of luminosities in each cluster.
Although the red sequence can provide a reasonable redshift estimate, it is criti-
cal that we obtain spectroscopic redshifts to unambiguously confirm cluster members
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and to analyze substructure. Spectroscopic redshifts are necessary for such analysis
as they are better at eliminating line-of-sight, unassociated galaxies than photometric
redshifts. With both spectra and photometry we can estimate the AGN fraction of
the clusters to see how it evolves with redshift. We can also determine masses from
the velocity dispersions. For objects with X-ray observations, we will compare the
mass estimated from the velocity dispersion and compare it to the mass determined
from the temperature and density of the X-ray gas. This will help us understand how
physical processes in the ICM such as shocks, sloshing, and feedback cause deviations
from hydrostatic equilibrium.
In Chapter 7 we presented the results of a preliminary search of the X-ray
archives for observations including our COBRA sources. We will propose for time
with Chandra and XMM-Newton for deeper observations. We will start with our
best candidates (rich clusters with current detections). With X-ray observations we
will be able to measure the LX −T relation to further understand the interaction be-
tween AGN and ICM, which we explored in detail in Chapters 3 and 4. If we are able
to get deep enough observations for our clusters, we will be able to further examine
the physical state of the ICM in high-redshift clusters by searching for cavities (such
as the one in A98S), shocks, and cold fronts (such as the one in A2029). We will also
measure the gas fraction of these clusters to help constrain cosmological parameters,
such as the dark energy density.
As the largest gravitationally-bound, organized structures in the Universe,
galaxy clusters are testbeds for cosmological parameters. For some of these parame-
ters, such as the dark energy density, it is not necessary to have a complete sample
of clusters. Many of these cosmological parameters rely on accurate determination of
the cluster mass. Mass is derived from the X-ray temperature assuming hydrostatic
equilibrium, but as we have shown in the case of A2029, even highly relaxed clusters
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can deviate from the ideal. Understanding how the physical processes described in
this dissertation cause deviations from hydrostatic equilibrium is crucial in improving
the relationship between mass and temperature. Currently, there are very few con-
firmed high-redshift clusters, and established cluster detection techniques tend to be
biased towards high-mass clusters. With our COBRA sources we can add hundreds
of clusters to the sample over a wide range of masses and redshifts, aiding in our
understanding of the Universe.
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